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ABSTRACT 
  
  There are different kinds of crystals having various applications grown by 
different techniques. Broadly speaking there are three main categories of crystal 
growth processes. 
(i)   S   → S, process involving solid-solid phase transitions, 
(ii)  L  → S, process involving liquid-solid phase transitions,  
(iii) V  → S, process involving gas-solid phase transitions. 
Gel growth is comparatively very simple technique, which requires only some 
common laboratory glasswares and chemicals and provides comparatively good crystals 
at ambient temperature. In the present investigation Mn++ and Cu++ doped calcium levo 
tartrate tetra hydrate (CLTT) crystals grown by using silica hydro-gel technique and 
characterized by various techniques. 
The thesis consists of eight chapters as follows. 
The thesis is divided into two sections and total VIII chapters. Section –A is 
having three chapters. 
Chapter- I gives a general introduction to the subject and tries to justify the 
present author’s work on gel growth of Mn++ and Cu++ doped CLTT crystals.  
Chapter-II briefly reviews the gel growth techniques. In this chapter the types of 
gels, gel structures, gelling mechanism, gel properties and different types of gel growth 
methods are briefly discussed. Apart from this, a relevant literature survey is incorporated 
with advantages and disadvantages of gel growth technique. 
Chapter-III describes the growth and characterization of Mn++ and Cu++ doped 
CLTT crystals. The crystals were grown by single diffusion gel growth technique in a 
normal test tube by setting gels using levo tartaric acid. The Mn++ doped calcium tartrate 
crystals were yellowish in colour and Cu++ doped calcium tartrate crystals were bluish in 
colour whereas pure calcium tartrate crystals were transparent and prismatic in nature. It 
is important to know the amount of doping in to the grown crystals; therefore, the ICP 
(Inductively Coupled Plasma) technique was employed for the determination of the 
doping concentration in the grown crystals. Whether the doping changes the crystal 
structure or produces extra phases in the grown crystals are determined by the powder X-
Ray diffraction (XRD) technique. The cell parameters have been evaluated, which 
indicates that on increasing the dopant concentration the cell parameters exhibit 
unsystematic minor variations. However, the crystals were single phased and doping did 
not alter the unit cell structure significantly.   
Section-B contains five chapters of different characterization of grown crystals.  
Chapter-IV, in this chapter FT-IR and EPR spectroscopic investigation of Mn++ 
and Cu++ doped CLTT crystals were reported. The effect of doping on the properties of 
Mn++ and Cu++ doped CLTT crystals were characterized by FTIR and Electron 
paramagnetic resonance (EPR) spectroscopic studies in this chapter.  
The EPR study was carried out in X-band (8.5 to 9.5 GHZ) at room temperature. 
Various EPR parameters were calculated from the spectra of Mn++ and Cu++ doped CLTT 
crystals. The presence of impurity doping was confirmed through the spectra, but no 
systematic variation in the values of EPR parameters was observed with the increase in 
the concentration of doping. The FT-IR spectra suggested no clear effect of doping on the 
spectral behaviors.  
Chapter-V, in this chapter the phenomenon of dielectricity and ferroelectricity 
are explained in brief. The dielectric study of pure and Mn++ and Cu++ doped CLTT 
crystals is described in this chapter. The variation of dielectric constant with temperature 
and frequency and similarly the dielectric loss with temperature and frequency is studied. 
The effect of doping on the Tc as well as Curie Weiss law of CLTT crystals has been 
discussed. The ferroelectric nature of pure and doped CLTT crystals was found but 
hysteresis study was not carried out due to the experimental limitations.  
Chapter-VI deals with the dislocation etching study of pure and doped crystals. 
In this chapter the theory of etching is briefly explained. The composition of etchant was 
90cc water+10cc HCl. The etchant was made from AR grade chemical. After preparing 
the etchant, the etching was carried out for five second at different temperatures. The 
doping has pronounced effect on the etching behaviors; the impurity is expected to alter 
the etching behaviors. Impurities are also expected to produced shallow or flat-bottomed 
etch pits. The chemical etching study was carried out {110} face of pure and doped 
CLTT crystals. From Arrhenius plots various kinetic and thermodynamic parameters 
were calculated, such as the activation energy, standard enthalpy of activation, standard 
entropy of activation, and standard Gibbs energy of activation for the motion of the 
ledges of the pits. 
Chapter-VII described the microhardness studies of pure and Mn++ and Cu++ 
doped CLTT crystals. The microhardness experiments were conducted with Vaiseshika 
Vickers microhardness tester. The effect of doping of Mn++ and Cu++ on the 
microhardness, cracking and other mechanical properties of the crystals was studied. In 
this chapter the significance of micro-hardness study is briefly explained. A brief 
literature survey is also given. The variation in the value of Vickers microhardness with 
load is reported.  The kick’s law was applied and the modified Kick’s law was also used. 
The modified Kick,s law is shown by Hays and Kendall relations. The crack 
measurements, fracture toughness, yield stress, indentation size effect, inverse 
indentation size effect,etc. are studied in of doping of Mn++ and Cu++ in CLTT crystals. 
The doping has made crystals softer.  
Chapter-VIII presents an overall view of the results and the scope of further work. 
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Chapter I 
 
 
General Introduction 
1.1 Introduction:  
Free energy barrier is a major burden, 
Transformation cannot happen without aid. 
The question is what can we do to make it happen? 
The answer is something has to nucleate. 
In the beginning there was incubation. 
The question is “when we will get to steady state?” 
Patience will lead to further fluctuations. 
Then nuclei will show and grow at a steady rate. 
Rolling down the gradient slope. 
Gathering buddies along the way. 
Which one of them will have hope? 
The truth is only the big ones will stay. 
Such is the story of nucleation and growth. 
Nature has chosen this approach. 
-L.I. Preston (2002) 
  Systematic study of the growth and properties of crystals is covered under the 
subject “Crystal Growth.”  The growth of crystals occurs either in nature or artificially 
in a laboratory. The Mother Nature has grown a variety of crystals in the crust of 
earth, which are mainly diamond and other precious stones. Mostly these crystals 
were grown from the molten state by freezing. It is also possible to form crystals 
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directly from a gas without passing through the liquid state; examples are hoarfrost, 
i.e. ice crystals which are grown from water vapour in the air. Also, a few mineral 
substances which are found mainly around volcanoes, where sulpher and ammonium 
chloride crystals are formed from gases emitted during eruption. There are other 
examples of crystals gown in nature, which are famous Amarnath Shivalinga of ice in 
Himalayan cave, large crystals grown around Dead Sea in Israel and gigantic mineral 
crystals in caves of Mexico.         
 Today, the growth of crystals does not remain the phenomena only occurring 
in nature, but it has become a well advanced as well as widely used laboratory 
technique. There always has been a requirement of good quality crystals for various 
applications were developed to grow suitable crystals. It has been found that the 
crystalline property has applications in devices such as: laser resonators acoustic- 
optic modulators, phase decay plates, polarizer, pyro-electric detectors, piezo-electric 
devices, crystal X-ray monochromaters, scintillation detectors, holographic devices, 
membranes of iron selective electrodes and substrate for thin films. 
             The world crystal production has been estimated more than 20,000 tones per 
year. Out of that the largest share of about 60% is from semiconductor materials, for 
instance, silicon, gallium arsenide, indium phosphate, gallium phosphate, cadmium 
telluride and its alloys. This has been reviewed by Scheel [1]. Moreover, Santhana 
Raghvan and Ramasamy [2] have reviewed the recent trends in crystal growth 
technology in terms of the worldwide production of different technologically 
important crystals shown in figure (1.1). As per one survey, the North American 
market of piezo-electric crystals and devices was estimated to be $1.15 billion in 
2001. It is of further, expected to grow $1.86 billion by 2006 at an Annual Average 
Growth Rate (AARG) of 10%. Piezo-electric quartz crystals devices, notwithstanding, 
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compromise largest market segment due to the recent boom in the wireless and 
mobile technologies [3]. 
 
Figure (1.1): Estimated shares of world crystal production in 1999 [1] 
The development and refinement of methods and of crystal growth processes 
to achieve useful products have relied heavily on empirical engineering and on trial 
and error method. Crystal growth still remains by and large an art. The classifications 
scheme for growth technique are summarized in table (1.1) according to Laudise [4]. 
Table (1.1): Crystal growth methods 
 
 Polycomponent 
A Solid-solid (solid growth) 
1. Strain annealing 
1. Devitrification 
3. Polymorphic-phase change 
A Solid-solid (solid growth) 
1.   Precipitation from solid solution 
B Liquid-solid (melt growth) 
1. Conservative 
(a) Directional solidification 
(Bridgman-Stockbarger) 
(b) Cooled seed (Kyropoulos) 
(c) Pulling (Czochralski) 
2. Non conservative 
(a) Zoning (horizontal, 
vertical, float zone, growth 
on a pedestal) 
(b) Verneuil (Flame fusion,   
plasma, arc image) 
B Liquid-solid (melt growth) 
1. Growth from solution (evaporation, slow     
cooling and temperature differential) 
(a)  Aqueous solvents 
(b)  Organic solvents 
(c)  Molten-salt solvents  
(d)  Solvents under hydrothermal conditions 
(e)  Other organic solvents 
2. Growth by reaction (media as above-       
temperature change, concentration change) 
(a) Chemical reaction 
(b) Electrochemical reaction 
C Gas-solid (vapor growth) 
1.Sublimation-condensation 
2. Sputtering 
C Gas-solid (vapor growth) 
1. Growth by reversible reaction                  
(temperature change, concentration change) 
(a) Van Arkel (hot wire processes) 
2. Growth by irreversible reaction 
(b)  Epitaxial processes 
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Crystal growth is involved with control of phase change; therefore; one can 
define three basic categories of crystals growth processes [5]. 
Solid growth- S → S processes involving solid-solid phase transitions. 
Melt growth- L → S processes involving liquid-solid phase transitions. 
Vapor growth- V → S processes involving gas-solid phase transitions. 
The designing and development of various crystal growth techniques of the 
present day is a result of continuous and fruitful modifications occurring since last 
several decades, and still today the modifications process is continuing. The crystal 
growth requires emphasis on the following three aspects. 
1. Theory of nucleation and growth 
2. Experimental crystal growth 
3. Characterization of crystals 
 
Schieber [6] has well explained this in a schematic representation, which is shown in 
figure (1.2).  
Altogether, the modern as well as the next generation crystal growth requires 
multi directional development in various field and their interconnections, this has 
been described in a schematic representation in figure (1.3) by Prasad [7]. 
A poem of L.I. Preston describes the competitive nucleation in crystal, which 
is explained by many authors, in detail [8-10]. This has been correctly quoted in a 
different manner by Gilman [11] in his famous book “The Arts and Science of 
Growing Crystals” as, “The Systematic production of artificial Crystals might be 
viewed as a new agriculture that has began flourish. It differs from true agriculture in 
that its products are mostly inorganic at present, but it has many features common 
with normal agriculture and promises to have a somewhat comparable effect on 
society. The new agriculture consists of growing solid crystals from a nutrient phase 
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(gas, liquid or solid). To start the growth process, the nutrient is often “seeded” with 
small crystal to be grown, and some workers speak of reaping the harvest after a 
certain length of time.” 
 
Figure (1.2): Three aspects of crystal growth   
There are many well written books are available on subjects like 
fundamentals of crystal growth [12]; different crystal growth techniques and their 
theories, characterization, applications [13-17] and understanding the Growth 
mechanism [18]. Recently, a handbook of Crystal Growth is also published [19]. Even 
books are available with wonderful photographs of crystals [20]. Whereas, the authors 
Stangl and Stang [21] have considered the growth of a variety of beautiful crystals as 
the growth of flowers in a garden which one can do, thereby, they have agreed to the 
concept of Gilman [11]. 
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Figure (1.3): Three aspects of crystal growth 
However the present thesis deals with the growth of pure and Mn++ and Cu++ 
doped calcium tartrate crystals by the gel technique; hence details of the other growth 
technique are avoided hereby.      
 The subject of crystal growth in gels is not new. Indeed, it has enjoyed at least 
two long periods of popularity, one during the second half of 1800 and second 
roughly during the period 1913-1926 when the famous Liesegang Rings formed the 
main subject of interest, for example, the work of Liesegang [22], Bradford [23] and 
Holmes [24]. These intriguing and often beautiful periodic structures are frequently 
observed in nature and easily reproduced in laboratory. This has attracted the attention 
of well known German Chemist Ostwald [25] and Lord Rayleight [26]. 
Larger crystals, of several mm in size, were occasionally obtained but not 
systematically looked for. In contrast, the growth of such crystals is the principal 
objective of all the modern work in this field. An early claim made by Fisher and 
Simons [27] to the effect that “gels form an excellent media for the growth of crystals 
of almost any substance, under absolutely controlled conditions”. 
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 The experiments during the early period derived a good of impetus from the 
interests of geologists, who believed that all the quartz on the Earth was at one time a 
silica hydrogel. Moreover, some early experiments were on record quoted by Eitel 
[28], according to which the microscopic silica crystals has been obtained from silica 
gels in the presence of various crystallizing agents, when heated under water vapor 
pressure. Quite plausibly then, crystalline foreign deposits found in quartz may be 
examples of crystal growth in gel. In this way the method appeared to offer systems and 
opportunities for exp-experiments in instant geology [29].  
Among the earlier workers Hatscheck [30] worked primarily with (5-20%) 
gelatin and (1-5%) agar gels. He was first to make a systematic study of particle size 
distribution in a great variety of Liesegang rings. It was always realized that reagents 
could be diffused into a gel and conversely that gels could be dialyzed to free them of 
excess reagents or unwanted reaction products. Holmes [24] conducted the 
experiments using the dialyzing process for the treatment of gel in U-tubes in order to 
eliminate excess reagent, which might interfere with the two diffusing components. 
He also grew single crystals of copper and gold by diffusing a reducing agent into 
gels charged with respective salts. 
Later on Henisch et al. [31] described a method for growing single crystals 
from silica gels. Also, Henisch [32] explained all aspects of gel growth techniques in 
detail in his book. 
It is worth nothing that today the gel growth has attracted the attention of 
various workers for different reasons. It has been used to grow steroid crystals [33], to 
mimic the growth of urinary stone crystals in vitro and study inhibition /dissolution 
behaviour in presence of herbal extracts and some juices [34-38] as well as crystals 
responsible to arthritis [35] and to grow technologically important non-linear optical 
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materials crystals [39]. A detail literature survey has been made by the predecessor of 
the present author on gel grown crystals [40-41] 
Of course, the gel growth technique is quite simple but an important 
technique; still it incorporates the arts and science of crystal growth. Nowadays, this 
technique is employed, for various reasons, to grow crystals of different interest and 
applications. Various methods of gel growth, its advantages and disadvantages and 
the reported growth of important crystals with their references are discussed in 
chapter II 
1.2 Significance of the Present Study: - 
Tartrate single crystals show many interesting properties such as ferroelectric, 
dielectric, optical, and other properties [42]. Some of the other tartrte crystals find 
applications for nonlinear optical devices based on their optical second harmonic 
generator (SHG), optical transmission characteristics, fabrication of crystal oscillators 
and resonators and controlled laser emissions [43-48]. Ferroelectric application of 
sodium–potassium tartrate [49] and calcium tartrate [50], ferroelectric- ferroelastic 
applications of sodium ammonium tartrate [51] and dielectric applications of lithium 
thiallate tartrate [52] has been reported.  
Several tartrate compounds deserve special attention due to their medical and 
pharmaceutical applications. For example, injections of Na- Cr tartrate Na-Fe (III) 
tartrate and K-Cr tartrate increase the susceptibility of transplanted sarcoma to the 
effects of X-rays [53]. A comparative study of calciphylatic responses of various iron-
tartrate compounds to prevent anemia in animals has been carried out [54]. There is 
numerous other industrial and technological application of various tartrate compounds 
cited in the literature. In the manufacture of champagne iron –tartrate is useful as a 
catalyst [55]. Also, the tanning action of iron- tartrate to tan skin has been studied 
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[56]. Some tartrate compounds are used in military applications. Strontium tartrate is 
used in the tracer compound in ammunition units [57]. Manganese tartrate crystals 
being temperature sensitive can be used to sense and measure the temperature. The 
change in coloration of these crystals occurs at 410 °C from pink to black. The 
coloration change is almost instantaneous and occurring within 1 to 2 seconds. 
Gvozdov and Erunov [58] described this method. A method has also been developed 
to measure the temperature of heated surfaces by the change in the color of heat 
sensitive compound [57]. The effects light on copper tartrate has been examined [59]. 
The synergist effect of tartaric acid for zinc ion in cosmetics has been reported [60]. 
The effect of Sn (tin) tartrate and zinc tartrate with other compounds form a bright 
coating and protecting powder for metals [61]. 
Calcium tartrate crystals have been identified by ferroelectric properties for 
first time by Gon [50]. Apart from this, other properties of calcium tatrtrate crystals 
have been identified for various applications. Nitrate removal from drinking water is 
important problem. Li et al [62] have used immobilized microorganism with co-
immobilized calcium tartrate to reduced nitrate concentrations (110mg l-3 NO3-N) in a 
model solution of drinking water. Moreover, tartaric stabilization of Red, Rose and 
white wines with L+ calcium tartrate crystal seeding has been reported by Minguez 
and Hemandez [63]. Another novel application of calcium tartrate is reported by 
Zimmerman et al. [64] A conceptual temporal and spatial gap exist between the first 
encounter of a cell with an adhesive substrate and the advanced stage of a focal 
adhesion formation. Although, ample information is available on focal adhesion 
structure and function, the mechanism of the first interaction events and the nature of 
the molecules mediating them are largely unknown. Zimmerman et al. [64] identified 
the cell-surface-associated hyaluronan as mediator and modulator of the first step of 
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adhesion of A6 and other cells to conventional tissue culture substrate as well as to 
the surfaces of calcium tartrate tetra hydrate crystals. 
The doping of appropriate material of appropriate amounts has created 
marvels in the semiconductor industry. This has attracted engineers to dope various 
impurities in different materials to study the amazing change in various materials 
properties. This has prompted the present author to dope various impurities in to the 
calcium tartrate crystals. Two different metallic dopants-copper and manganese –are 
selected. Attempts are made to check the effect of amount of doping on material 
properties. The effects of doping on the structural properties are studied by powder 
XRD. The FT-IR and EPR spectroscopic studies are conducted to study the effect of 
doping. The dielectric properties and the ferroelectric phase transitions are studied in 
terms of doping. The alteration in the hardness of crystals in terms of the presence of 
doping is analyzed. The variation in the reactivity at line defects is studied for doped 
crystals by etching techniques. The level of doping in the crystals is estimated by ICP. 
The aim of the present author is to dope suitable metallic ions in to calcium tartrate 
tetra hydrate crystals, estimate the level of doping, estimate their effect through 
different characterization technique and finally find out the changes in the properties 
of crystals.      
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A Brief Review of the Gel Growth Technique 
 
2.1 Introduction:   
 The growth of crystals from gel is the simplest technique under ambient 
conditions. This technique is well suited for the crystal growth of compounds, which 
are sparingly soluble and decompose at fairly low temperatures. Crystal growth by the 
gel technique has attracted the attention of numerous researchers, as this technique is 
comparatively simple and can be set up in a laboratory with simple glasswares and 
without any need of sophesticated instruments as well as high temperature furnaces. 
By carefully selecting the gel density, pH of the reactants and the concentration of the 
reactants, good quality single crystals can be grown at room temperatures. 
  In the gel growth, interestingly, the gel acts as a  three dimensional crucible 
which supports the crystal; at the same time yields to its growth without exerting 
major forces upon it. This relative freedom from constraint is believed to be an 
important factor in the achievement of high structural perfection. Because of this, 
some times, the growth of crystals in gel is considered similar to the growth of an 
embryo in womb. This technique has been used to mimic the growth of urinary 
crystals and crystals responsible to arthritis. The gel growth technique is well 
described by Henisch [1], Henisch and Hanoka [2] as well as Patel and Venkateswara 
Rao [3]. An attempt has been made by the present author to review the gel growth 
technique briefly. 
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2.2 Types of Gels: 
 Out of four states of matter, solid, liquid, gas and plasma, the three states of 
matter solid, liquid and gas are more familiar. Even there are many exotic materials, 
which are yet not fully understood. Material scientists are trying to understand their 
structure and properties and derive their useful applications. 
 One exotic state of matter is gels. They are neither solids nor liquids. A gel has 
been defined as a two-component system of a semi solid nature rich in liquid [4]. 
According to the colloid chemistry definition, gels have a semi solid consistency, and 
are stable in form, they are flexible; deform systems produced by the interaction of a 
gel forming compound with a solvating medium. A characteristic property of gel is 
that they contain a conspicuously high percentage of solvent and little solid matter. 
The gel forming substances and solvating solvents stabilize each other in the gel 
structure and are functional parts of one another. Gels may lose their solvent content 
during dehydration, and may pick up some spontaneously while swelling. Although 
the loss or the uptake of solvents is generally reversible, the removal of the solvating 
molecules may cause reversible or irreversible changes in the gel structure. 
  Gels fall into two groups, on the basis of the structural changes caused by 
solvation. The structure of xerogels collapses on the removal of the dispersive 
medium, whereas the solid structure-the so -called matrix-of the steric networks of 
aerogels remains unchanged even after the removal of the dispersive medium. An 
example of xerogel is dextran gel (sephadex), and of the aerogel is silica gel. 
   The cross linked structure of gels is the result of the cross linkage of polymer 
molecules with straight or branched chains. Depending on the type of bond, gel 
structures are of two types. 
                                                                                                                  Chapter II…17
 
                                
 
  A Brief Review of The Gel Growth Technique 
 
  In most natural biopolymers, like Polysaccharides (starch, agar, latex, pectin, 
collagen, gelatin, etc.) gel formation, apart from the substantial other properties 
(molecular weight, chemical structure) they exhibit a spontaneous reversible process, 
which depends on the temperature and concentration of the colloid solution of the 
polymer. The solution of colloidal particles and macromolecules is known as sols. 
The sol-to-gel conversion is induced by loose-secondary chemical forces, hydrogen 
bonds, polarization interactions and the London-Van der Waals dispersive forces. 
Such gel structures may be disrupted by slight physio- chemical effects (i.e. warming 
up), which cause sol formation. When it is cooled down the bonds will recombine and 
the sol once more solidifies into a gel. 
  In the second type of gels, the gel formation is irreversible; the polymer 
chains are built up by primary covalent bonds. The colloidal- size macromolecules, 
which are characteristic of gels, are often produced by the polymerization of low 
molecular weight monomers (acrylamide, acrylic acid, styrene etc.). In other cases, as 
for instance in the production of sephadex gels, the cross-links come about by cross-
linkage between high molecular weight polymer (dextran) chains. Gel structures fixed 
by primary chemical bonds show higher resistance to slight physicochemical effect 
and cannot be converted into sols by warming. The gel structure cannot be disrupted 
except by breakdown of the polymer molecules. 
 The structure of synthetic and semi-synthetic gel is generally depending on the 
chemical properties of the basic substances, the relative concentration of the reagents 
and the solubility conditions during gel formation. The functional reactivity of 
monomers and their spatial orientation has pronounced effect on cross-linking. The 
reactions inducing cross-linkage are random processes, which are governed by the 
laws of statistical probability. These processes cause voids of dimensions and 
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geometry, which are the characteristic of the type of gel used to form the polymer 
chains. These voids are known as the pores of the gel. Since the gel structure is not a 
rigid system but it is a fixed network of polymer chains, therefore, the terms used in 
practice are average or effective pore size. The pore size is one of the most important 
parameters of the molecular phenomena (diffusion, permeability). Pore sizes may be 
influenced by the conditions of formation as well as the solubility relationships of the 
initial substances and the end product. 
 From the aspect of pore size, Kum and Kunin [5] distinguished two principal 
types of gel structures, micro-reticular (micro-porous) and macro-reticular. The more 
uniform repetition of the cross-links in micro-reticular gels produces smaller pores 
and renders the gel suitable for the separation of smaller molecules. Micro-reticular 
gels are obtained if the solubility of the starting substances (monomers) and the end 
product do not differ greatly, and if the cross-links assume the desired gel structure 
only gradually, for instances, by increasing the number of cross-links between the 
polymer chains already fixed. 
  Whereas the structure of the macro-reticular gels is rather heterogeneous, the 
spatial distribution of the matrix is uneven. Their large pores render them suitable for 
the permeation and separation even of macromolecules. Most macro-reticular gels are 
aerogels, which in spite of their high porosity, are resistant to mechanical effects [6]. 
 One of the most common gels is the silica gel, synonymically called silica 
hydrogel, or water of silicate glass, which is prepared from sodium metasilicate 
solution. The pores are separated by solid film of about 2× 10-5 cm thickness, where 
the dimensions of pores depends on the concentration of gel materials. The effective 
pore diameter of silica hydro gel is of the order of 50-100 Å. In order to obtain a gel 
medium of desired pH, a requisite amount of aqueous sodium metasilicate solution is 
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normally added to the constantly agitated suitable acid of desired concentration. The 
acidity of the resulting solution determines the course and the rate of polymerization 
[3]. Agar is probably the oldest hydrophilic gel. Raw purified polysacchrides (agar-
agar) extracted from algae are widely used in food industry and in laboratory 
(bacteriology, immunology and electrophoresis). While, semi-synthetic gels are 
produced by small or large-scale purification, fractionation and chemical conversion 
of natural base material, namely, dextran. The well-known dextran derivative semi-
synthetic gel is under trade name sephadex. 
 The production of synthetic gels is closely related to polymer chemistry and 
polymerization reactions. As per their base materials, synthetic gels fall into three 
categories (a) acrylamide-acrylate polymers (b) styrene divinylbenzene copolymers 
and (c) other mixed types of gels [6]. Apart from this, clay gel, soap fluid, dense metal 
dydroxide solutions, oleates, stearates and aluminates also from gels. 
  When the dispersion medium is water the material should be called a 
“hydrogel”. There is a distribution of pore sizes within each gel, and that one gel is 
distinguished from another by the nature of this distribution. In course of some early 
experiments on gels, Biltz [7] concluded that hydro-gels are characterized by two 
types of pores primary pores of nearly molecular dimensions and much coarser 
secondary pores which behave as, more or less normal capillaries. 
 Because of their different properties gels have many applications in various 
fields. The DNA samples can be separated using gel electrophoresis.  Raymond and 
Weintraub first introduced the Polyacrylamide gel electrophoresis technique in 1959. 
The pore size of the gel may be varied to produce different molecular sieving effects 
for separating proteins of different sizes [8]. 
                                                                                                                  Chapter II…20
 
                                
 
  A Brief Review of The Gel Growth Technique 
 
 Polyelectrolytes are a special kind of macromolecules, in these, many of the 
side groups can easily become charged by gaining or losing electrons. By developing 
branches and intermolecular connections (cross-linking) these macromolecules can 
form 3-dimensional networks. If water is filled it can swell up to form gels. 
Interconnections between water and the polymer network determine the swelling or 
shrinking. The use of an intelligent gel that expands upon application of electric field, 
insulin is encapsulated in such a gel and implanted into diabetic patients. The 
controlled release is achieved by applying an electric field external to the body; the 
needle pricks are thus spared. Some medications are destroyed by acidic environment; 
therefore, they become useless in the acidic environment of stomach. A gel, which 
shrinks in acidic conditions and expands in alkaline condition, can be used to 
encapsulate the medication. When the medication is encapsulated in such a gel, it will 
be tightly protected when passing through stomach; however, in relative alkaline 
conditions of the intestines, the gel will expand and release the medications. 
 The polyelectrolyte gels undergo phase transitions and can have sudden 
change in volume, ranging from 100 to 500 times in original size. These transitions 
are caused by tiny changes in temperatures, solvent composition, salinity, pH, ionic 
strength and electric field. Poly (N-isopropylacrylamide) can suddenly swell 100-fold 
when the temperature is changed as little as one degree from 32 ºC to 31ºC.  
 Recently, the external stimuli response on a novel chitosan hydro-gel cross-
linked with formaldehyde have been reported [9]. The effect of cross-linking agent on 
water absorbency has been investigated.  The hydro-gels exhibited a relatively higher 
swelling ratio in the range of 2066-3306% and equilibrium water content in the range 
of 95.38-97.06% at pH 7 and 350C temperature. The influence of external stimuli such 
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as pH, temperature, and ionic strength of the swelling media on the equilibrium 
swelling properties is observed.     
2.3 Gelling Mechanism: 
  Gelling process can be brought about in many ways, sometimes by the cooling 
of a sol, by chemical reaction, or by the addition of precipitation agents or 
incompatible solvents. Gelatin is a good example of a substance, which is readily 
soluble in hot water and can be gelled by cooling provided that the concentration 
exceeds about 10%. Formation of gel can be obtained by the action of two reagents in 
concentrated solution; preparation of silica gel is an example for this. 
 The process of gelling takes an amount of time, which can vary widely, from 
minutes to many days, depending on the nature of the materials, its temperature and 
history [1]. This has been described and documented by Treadwell and Wieland [10] 
for silica gel. Mechanical properties of fully set gels can vary widely, depending on 
the density and on the precise conditions during gelling. For the diffusion of reagents 
through the gel medium, the most important operative parameter is the size of the 
diffusing particles relative to the pore size in the gel. Another one is the amount of 
interaction between solute and internal gel surfaces. There are a variety of substances, 
which absorb on silica hydro-gel with particular case [11]. Comparative merits and 
demerits of various gels used for crystal growth are reviewed by Patel and Rao [3]. 
2.4 Structure of Silica hydrogel: 
  Silica hydrogel is the most favorite gel for crystal growth experiments; hence 
the study of its gelling mechanisms and gel structure carries considerable importance. 
When sodium metasilicate goes into solution, monosilicic acid is produced in 
accordance with the dynamic equilibrium 
Na2SiO3+3H2O → H4SiO4+2NaOH 
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 This mono-silicic acid can polymerize with the liberation of water, 
 This can occur repeatedly and a three dimensional network of Si-O links is 
established as silica hydro-gel. 
 
 As the polymerization process continues, water accumulates on top of the gel 
surface. This phenomenon is known as Syneresis. Much of the water has its origin in 
the above condensation process, and some may arise from purely mechanical factors 
connected with a small amount of gel shrinkage. The well-known stability of the 
silicon-oxygen bonds is responsible for the fact that the polymerization is largely 
irreversible. It is interesting to note that Kononenko et al. [12] studied the 
characteristics of light scattering in the initial stage of gel formation in silicic acid, 
which provides valuable information. 
 The time required for gelation is very sensitive to pH. As the gelation is a 
gradual process, there is no unique definition for gelation time. It is known that two 
types of ions are produced during gelation; H3SiO4¯ and H2SiO4+, in relative amount, 
which depends on the hydrogen ion concentration. The latter, which is favored by 
high pH values, is in principle more reactive, but higher charge implies a greater 
degree of repulsions. The H3SiO4¯ is favored by moderately low pH values and found 
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to be responsible for initial formation for long chain polymerization products [13]. 
Between these chains the cross-linkages are formed in due course, and these 
contribute to the sharp increase of viscosity that signals the onset of gelation. Because 
of their low mobility, very long chains will cross-link more slowly than short chains. 
At very low pH values, the tendency towards polymerization is diminished and chain 
formation is slowed. Gelation time is strongly dependent on temperature [4], this has 
been described in details by Henisch [1]. 
  A weak acid is generally preferred to adjust the pH, because the pH of the set 
gel changes only slightly with time, and secondly, the mineral acids tend to spoil the 
growing crystals.  It is noteworthy that in less acidic gel solutions the reaction 
between the acid and sodium metasilicate occurs with liberation of hydroxyl ions and 
thus pH of the solution rapidly increases with the process of polymerization, while in 
highly acidic gel there is no change in pH except due to very little difference in 
dissociation of acids of different complexities, as well as requirements of reaction 
mechanism. Hence pH has profound influence on the gel structure [14]. 
 
 
2.5 Gel Growth Methods: 
  Crystal growth in gel has been mainly divided into the following five 
different methods 
• Reaction Method. 
• Chemical Reduction Method. 
• Complex Decomplexion Method. 
• Solubility Reduction Method. 
• Electrolytic Method. 
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2.5.1 Crystal Growth by Reaction: 
 This method is the basis of all methods of gel growth and can be described as 
crystal growth by chemical reaction. Crystals which are insoluble or slightly soluble 
in water and which decompose before reaching their melting points can be 
conveniently grown by this method. The basic requirements to grow single crystals by 
this method are, the reactants used must be soluble in the solvent (usually water) and 
the product crystal must be relatively less soluble. The gel must remain stable in the 
presence of the reacting solutions and must not react with these solutions or with the 
product formed. Some solubility of the product crystal is needed in order to grow 
crystals of any size [15]. 
Two aqueous solutions of soluble salts, suitably chosen are allowed to diffuse 
through the gel so that there can be a slow and controlled segregation of ions and 
molecules resulting into the precipitation of an insoluble phase as the crystal. The gel 
affords to limit the number of critical size nuclei and decreases the rate of crystal 
growth either by controlling the diffusion of reacting ions or by governing the 
reaction velocity on the surfaces of the growing crystal. Resulting chemical reaction 
can be expressed as: 
AX + BY → AY + BX. Where, A and B are the cations, X and Y are the anions. 
 
Figure (2.1): Crystal growth by reaction method 
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 This can be achieved by the test tube technique, in which one of the reactants 
is incorporated in the gel and the other reactant is diffused into it as shown in figure 
(2.1) or by the U-tube technique as in figure (2.2) or its modification in which the two 
reactants are allowed to react by diffusion into an essentially inactive gel. There is a 
variety of crystallization apparatus employed to grow single crystals by this method.  
 
Figure (2.2): Crystal growth by reaction method 
 
Figure (2.3): Modified gel technique 
The disadvantages of these crystallization apparatus are the depletion of one 
the reactants which is inside the gel, the incorporation of reaction waste products by 
the growing crystals, supporting, handling and cleaning of the apparatus and gel 
preparation inside the horizontal tube open at both the ends [1]. An improved design 
of modified gel technique used by Patel and Rao [3] is depicted in figure (2.3), which 
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eliminates all the inconveniences of the previous gel growth techniques and it permits 
the growth of mixed and doped crystals by multiple diffusion. Several metallic 
crystals like gold, lead, copper etc. have been grown by this method. 
2.5.2 Chemical Reduction Method:  
 This method is suitable for growing only metal crystals from gel media, where 
use is made of the conventional method. Hatschek and Simons [16] were the first to 
report the growth of gold crystals by adding 8 % oxalic acid solution over a set gel 
containing gold chloride solution. By this particular method crystals of Nickel and 
Cobalt [17], Selenium, Lead and Copper have been obtained. 
2.5.3 Complex Decomplexion Method:  
 This method consists in first forming a chemical complex of the material of 
the eventual crystals to be grown with aqueous solutions of some suitable substance, 
called complexing agent, in which the former is homogeneously mixable and then 
providing externally a condition conducive to decomplexing or dissociation of the 
complex formed. A standard procedure adopted for decomplexion is to increase the 
dilution steadily, while complex solution is diffused through the gel. Crystal growth 
by this method was first attempted by O’ Connor et al. [18] for growing cupric halide 
crystals. 
2.5.4 Solubility Reduction Method: 
 This method is applicable to grow single crystals of highly water-soluble 
substances. The growths of ammonium dihydrogen phosphate (ADP) single crystals 
by this method have been first reported by Gloker and Soest [19]. 
  In this method, the substance to be grown is dissolved in water and is 
incorporated with the gel forming solution. Then a solution, which reduces the 
solubility of the substance, is added over the set gel to induce crystallization as in Fig. 
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(2.4). For instance, potassium dihydrogen phosphate (KDP) crystals have been grown 
by adding ethyl alcohol over the gel containing a saturated solution of KDP [20]. 
Crystals are grown due to the reduction of solubility of KDP in the liquid phase by the 
diffusing alcohol. 
2.5.5 Electrolytic Method:  
 The electrolytic method can also be used for the growth of metallic crystals by 
selecting the gel medium for controlled growth. For this a very low d.c. electric 
current, usually of the order of 2-10 mA, is passed through a silica gel charged with 
suitable acid or electrolytic solution. Details are given in figure (2.5).  It has been 
found that the pH of the gel medium, the concentration of the supernatant solution, the 
current density and the material used as electrode, have considerable influence on the 
habit of the crystals grown. Mohanan Pillai et al. [21] grew lead dendrites, while 
George and Vaidyan [22] grew copper dendrites and silver dendrites and single 
crystals [23] using the electrolytic technique. 
2.6 Growth Mechanism:  
 Even though crystals can be grown by using a variety of gels, it is found that 
silica gels are the best to grow good quality single crystals. As gels are neither liquid 
nor solid in nature there are only a few methods for quantitative investigations. From 
the SEM observations of dried silica gels, it has been found that the gel consists of 
sheet- like structures of varying degrees of surface roughness and porosity, forming 
interconnected cell. Generally, the cell walls are curved. It has been estimated from 
the SEM pictures that the cell walls in dense gels (0.4 M Na2Si O3) have pores from 
0.1µ to 0.5µ and 0.1 µ to 4µ in low density (0.2M Na2SiO3) gels. The cell walls are 
thicker in dense gels. During gelling the pH has a profound influence on the gel 
structure, changes from a distinctly box like network to a structure consisting of 
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loosely bound platelets which appear to lack cross- linkages; the cellular nature 
becoming less distinct [24]. 
 In the absence of convection, the only mechanism available for the supply of 
solute to the growing crystal is diffusion. One may envisage that the solute super-
saturation φα at large distances from the crystal remains unchanged during growth. 
However, at the crystal surface φ would initially have the same value but would then 
adjust itself in the course of growth to the lower value φ0. Hence this is determined by 
the dynamics of the growth processes.  
 For several different idealized geometries, Frank [25] has developed 
equations, which give a description of diffusion controlled growth rates. The growth 
rates calculated by Frank involve the “reduced radius” (S) which for spherical system 
is defined as r / (Dt)½, where r is the radius of the crystal, D is the diffusion constant 
and ‘t’ is the time. The theory presents a simple relation φα - φ0 = F (S). By 
measuring S and knowing the function F the value of φ0 at any time could be 
determined. As long as D does not alter, a constant value of S implies a constant value 
of φ0. The constancy of S can be checked by plotting r2 versus t. 
 However, some limitations exist; one arising from the initial transient period 
during which steady –state concentration is established, and one arising from 
exhaustion of available solute. Both factors must be expected to give rise to 
nonlinearity. In general, there remains substantial uncertainty as to the effect of which 
the disruption of the gel structure has on the local value of D. This also applies to the 
effect of pH changes, which occur during growth. This has been described for various 
crystals grown in detail by Henisch [1].  
Cipanov et al. [26] have developed a mathematical model of crystal growth 
process in gel. Calculations suggest that there is a locality in a gel that provides the 
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best condition for nucleation and growing of crystals. They have compared the model 
with experimental results. Moreover, some theoretical aspects of the crystal growth in 
gel medium have been proposed by Desai and Hanchinal [27]. 
 In growth systems, which depend on the diffusion of the reactant through a gel 
incorporating the other reagent, it has been found that the growth rate is more near the 
gel solution interface where the concentration gradients are high and away from the 
interface, the gradients are relatively low. Dislocation density is also different 
corresponding to the different growth rates. This further suggests that the growth rate 
itself determines the number of defects grown into the crystal even in the absence of 
foreign impurities. Occasionally, crystals grown in gels are found to have dislocation 
densities less than 103/cm2. The high degree of perfection of these crystals have been 
demonstrated by many authors [28, 29]. 
 In general, crystals growing in gel either displace the gel as they grow [30] or 
incorporate [31]. In the case of gel displacing, cusp will be formed around the 
growing crystals, whereas in the other case, since the crystals incorporate the gel as 
they grow, final crystals turn turbid instead of being transparent. The cusp like 
cavities is the region in which the gel has been split and separated from the growing 
faces. 
 In the case of crystals growing in fissures in the gel, a clear boundary between 
opaque crystal growth in the gel and clear crystal growth in the solution can be seen 
[32]. In general, the progressive deterioration of crystal quality indicates an increasing 
incorporation of gel in the passage of time, which eventually leads to the destruction 
of the perfect facets observed on small crystals. 
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2.7 Nucleation Control:  
 Even though gel helps in suppressing nucleation, crystals growing in a gel 
system compete with one another for the solute atoms. This competition limits their 
size and perfection. It is therefore desirable to suppress nucleation so that only a few 
crystals are formed. There are some methods which control nucleation in gel to some 
extent, which are; 
1.  Using suitable reactants 
2.  Using gels prepared with various acids 
3.  Changing the gel structure 
4.  Using intermediate neutral gel 
5.  Concentration programming 
2.7.1 Using suitable reactants:  
  Out of various combinations of reactants, which can be used to obtain the 
required product crystals only a few are found to be suitable to achieve controlled 
nucleation. For example, in the case of growth of potassium perchlorate crystals, 
various reactants were used, however, a combination of potassium chloride and 
perchloric acid has been found to be suitable for reducing the nucleation density. 
Reports of many authors confirm the importance of using suitable reactants [28, 33-
36]. 
2.7.2     Using gels prepared with various acids:   
 After the selection of the best combination of reactants, with particular acid set 
gel, it is necessary to use same reactants with various acid set gels in order to reduce 
the nucleation density and grow bigger crystals. Good quality neodymium carbonate 
crystals have been grown in hydrochloric acid set gels [37]. Moreover, for the growth 
of potassium perchlorate crystals, Patel and Rao [28] used four mineral acids, namely, 
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perchloric acid, hydrochloric acid, sulphuric acid and nitric acid; and four organic 
acids, namely, citric acid, tartaric acid, acetic acid and propionic acid, to set the gel 
and found the perchloric acid set gel gave the best results. 
2.7.3 Changing the gel structure:  
 It is possible to change the gel structure and reduce the nucleation density by 
changing the gel pH [37], gel density and gel ageing [14]. Generally, increasing gel 
density and gel pH, decrease the nucleation density to a certain extent but the final 
crystals are of poor quality. On the other hand, gel ageing reduces the nucleation 
density and hence the total number of crystals without affecting their quality. The 
decrease of nucleation centers at higher densities of gel and gel aged for longer 
periods is due to the fact that these two parameters reduce the cell size and 
consequently the rate of diffusion of ions the gel. The decrease in nucleation density 
at higher pH values may be due to the improper formation of gel cells [14]. 
2.7.4 Using intermediate neutral gel:   
 In this method, first the gel is prepared in the usual way containing one of the 
reactants in the bottom of a test tube. A second gel called the intermediate neutral gel 
or the reaction gel is formed over the first gel, and the second reactant is then poured 
over it. The neutral gel will slow down the reaction between the reactants and hence 
reduce the number of nuclei. This method was first used to grow single crystal like 
lead and thallous and cuprous oxide [38], calcium carbonate, neodymium carbonate 
and calcium tungstate crystals [37,39]. It has been found that the nucleation density 
decrease with the height of the intermediate gel [14, 38]. 
2.7.5 Concentration Programming: 
  In this technique, the concentration of the diffusing reactant is initially kept 
below the level at which nucleation is known to occur and is then increased gradually 
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in small steps. With very dilute reactants the amount of material diffused through the 
gel is small and hence smaller is the super-saturation rate. Under these circumstances, 
a few nuclei are formed. As the concentration is increased further the growth of the 
existing nuclei is preferred to the formation of additional ones. Crystals grown by this 
method are more perfect and larger than those grown otherwise. This method has been 
successfully applied for the growth of many crystals [1, 14,40]. 
2.8 Crystal Habit: 
  Crystals with various habits are important both commercially and also in 
studying their physical properties. In gel growth, crystals with various habits can be 
grown by changing concentration of feed solutions, crystallization temperature and 
gel structure, by adding impurities and by using various types of gels. Moreover, in 
some cases various habits in different regions of gel are also observed. 
  The habit modification can be obtained by changing concentration of the feed 
solution. McCauley and Gehrhardt [37] observed that during the growth of 
neodymium carbonate, sodium carbonate incorporated gel enhanced the formation of 
dendrites and spherulites, while neodymium chloride incorporated gel favored the 
growth of rhombic plates. Also, Bandhopadhyay and De [33] found that as the 
strength of feed solution was increased from 0.2 to 0.3 M, the calcium carbonate 
crystals of rhombohedral habit turned in to the crystals having edges wavy and ripple 
like features at concentrations of 0.4 to 0.6 M. On further increasing the strength of 
feed solution to 1M or more, a large number of nucleation centers with dendritic 
growth were observed. 
 The temperature of the growth has pronounced effect on habit of crystals. For 
example, in the case of strontium sulphate, all crystals grown at about 35ºC exhibited 
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{011} and {102} as their habit faces, whereas the crystals grown at about 20ºC 
developed {022} habit faces in addition to {011} and {102} faces [31]. 
  The habit modification can be observed for various gel structures. McCauley 
and Roy [39] investigated the growth of calcite crystals and found that decrease in pH 
of the gel resulted in the development of spherulites (pH 10.5) into feathery 
polycrystalline aggregates (pH 9 to 10.5) and, ultimately, into single crystals of 
rhombic habits (pH 7 to 9). 
  Alike to solution growth, it is possible to change the crystal habit by adding 
impurities in gel growth also. Various habits of calcite were obtained by adding 
impurities of magnesium, strontium, nickel and barium in different proportions during 
the growth of these crystals [40]. A similar study was carried out by Rosmalen et al 
[41] on gypsum crystals. 
  However, the habit modification is observed by using various types of gels for 
crystal growth. A comparision of crystals of calcium sulphate dihydrate grown in two 
different gel media, sodium silicate gel and bentonite clay gel showed that the two 
media clearly affect the crystal habit and surface topography [42]. 
  Interestingly, various crystal habits have been observed at different regions of 
gel. For lead molybdate growth, there were different regions inside the gel where lead 
molybdate crystals of different habits were grown. Near lead nitrate solute, i.e. at the 
gel-liquid interface, polyhedral pyramidal crystals were formed. Whereas, octahedral 
bi-pyramidal crystals and platelets were observed in the central region and near the 
ammonium molybdate solution, respectively [43]. Similar observations were made in 
the growth of lead monohydrogen phosphate crystals. Brezina and Havrankova [44] 
observed crystallization zones in which crystals of different habits were grown. 
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 Nucleation of crystals in gel is also influenced by light [45]. Calcium tartrate 
crystals were observed to have grown more perfectly with irradiation of the gel than 
in darkness but copper chloride crystals grown from gel had an adverse effect [46]. 
2.9 Growth of Some Tartrate Crystals:  
 Numerous workers have grown various crystals by gel growth technique. 
Attempts have been made by the predecessors of the present author to review the gel 
growth technique and survey the literature in detail [47-49], hence the present author 
has avoided detailed discussion and has focused on the recent literature reports. 
Compounds of tartaric acid find various applications in science and technology [50]. 
Different tartrates have been grown and characterized by several authors, for example; 
characterization and thermal behaviour of gadolinium tartrate [51]; growth of 
spherulitic, dendritic and single crystals of hydrated lanthanum tartrate [52]; dentritic 
and single crystals of lead tartrate [53]; growth of yitrium and samarium tartrate [54]; 
growth of praseodymium tartrate [55]; growth of ammonium hydrogen tartrate [56-
57]; growth of potassium hydrogen tartrate single crystals in ion-exchanged silica gel 
[58]; growth of strontium tartrate tetrahydrated crystals [59] and dielectric study[60]; 
growth of spherulitic iron tartrate crystals and thermal, FT-IR, [61] and Mössbauer 
spectroscopy[62] studies ; growth of calcium tartrate single crystals and their thermal 
and IR[63-65] and optical properties [66] and impurity doped crystals study [67]; 
growth, thermal properties of manganese tartrate [68] and FTIR and magnetic 
properties [69]; FT-IR, VSM (vibrating sample magnetometer), thermal and powder 
XRD studies of iron-manganese levo-tartrate mixed crystals [70] ; growth and FT-IR 
study [71] and dielectric study[72] of zinc tartrate. 
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 2.10 Advantages and limitation of gel growth:  
 Gel method has the following advantages over other methods of crystal 
growth. 
1. Thermodynamic consideration reveals that as the growth proceeds at ambient 
temperature, the grown crystals would contain relatively less concentration of  
 equilibrium defects.  
2. Crystals can be observed practically in all stages of their growth. 
3. The gel framework, which is chemically inert and harmless, acts like a three 
dimensional crucible in which the crystal nuclei are delicately held in the position 
of their formation and growth, thereby preventing damage, if any, due to impact 
with either the bottom or the walls of the container. 
4. All nuclei are spatially separated and hence the effects of precipitation are         
eliminated. 
5. By changing the growth conditions, crystals with different morphologies and sizes 
can be obtained. 
6. Gel medium considerably prevents convection currents and turbulence. 
7.  Gel is soft and it yields a suitable environment for growing crystals. 
8. Inasmuch as the gel reduces the speed of chemical reagents, crystals could be made 
to grow much larger than that are formed by a similar reaction in water or in 
molten stage by double decomposition process. 
9. As this method is extremely simple and inexpensive, good quality crystals can be 
grown even in small laboratories, which do not possess sophisticated instrument. 
Notwithstanding, the above advantages, the gel method has following 
limitations also: 
1. Growth period is usually very long. 
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2. Crystal size is generally small, so large crystals cannot be grown by this method. 
3. When silica gel is used, gel inclusion occurs during growth in some crystals. 
4. The chance of lattice contamination by impurities from the gel itself is profusely 
increased. 
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Chapter III 
Growth of Mn++ and Cu++ Doped Calcium Levo Tartrate  
Tetrahydrate Single Crystals 
 
3.1 Introduction: 
 The growth of Mn++ and Cu++ doped calcium L- tartrate tetrahydate (CLTT) 
crystals is described in this chapter. The amount of doping in the crystals is estimated 
by using Inductively coupled plasma (ICP) technique. The powder XRD analysis is 
carried out to answer the questions, if the doping has any effect on crystalline nature 
or unit cell parameters or give rises to any extra phases in CLTT crystals.        
 
3.2 Gel Preparation: 
 Commercial sodium metasilicate is generally used for manufacture of soap. In 
the present case AR grade sodium meta-silicate (SMS) powder is used for the 
preparation of the gel medium. To remove the impurities, 250g SMS was dissolved in 
one liter of distilled water taken in a beaker. On stirring it thoroughly, dense milky 
solution of sodium meta-silicate was formed. It was left for a couple of days, so that 
heavy insoluble impurities accumulate at the bottom of the beaker. This was decanted 
in to another beaker and filtered twice with Whatman filter paper of 12.5cm diameter. 
Then the solution was centrifuged on MSE high-speed centrifuged unit for about half 
an hour at 10000 revolutions per minute. Practically all suspended impurities were 
removed and as a result transparent golden colored solution of sodium meta-silicate 
was obtained. This could be preserved as a stock solution for quite a long period. 
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3.3 Growth of crystals: 
 Single crystals of pure and doped calcium L- tartrate tertra hydrate (CLTT) 
were grown in silica hydro-gel by incorporating single diffusion reaction technique. 
The gel was set by mixing the aqueous solutions of SMS of 1.06 specific gravity with 
1.0 M tartaric acid so that the pH of the mixture could be set at 3.8.This mixture was 
transferred in to glass test tubes of 2.5 cm diameter and 15 cm length. After setting the 
gel, the following supernatant solutions were poured in different test tubes without 
disturbing the gel. 
 
(1) 20 ml, 1.0 M CaCl2 
(2) 10 ml, 1.0 M CaCl2 + 10 ml, 0.001M MnCl2   
(3) 10 ml, 1.0 M CaCl2 + 10 ml, 0.005M MnCl2  
(4) 10 ml, 1.0 M CaCl2 + 10 ml, 0.01M MnCl2    
(5) 10 ml, 1.0 M CaCl2 + 10 ml, 0.05M MnCl2    
(6) 10 ml, 1.0 M CaCl2 + 10 ml, 0.1M MnCl2     
(7) 10 ml, 1.0 M CaCl2 + 10 ml, 0.001M CuCl2   
(8) 10 ml, 1.0 M CaCl2  + 10 ml, 0.005M CuCl2  
(9) 10 ml, 1.0 M CaCl2 + 10 ml, 0.01M CuCl2    
(10) 10 ml, 1.0 M CaCl2 + 10 ml, 0.05M CuCl2    
(11) 10 ml, 1.0 M CaCl2 + 10 ml, 0.1M CuCl2    
 
For the growth of pure CLTT crystals, solution -(1) is poured; where as for the 
growth of Mn++ doped CLTT crystals and Cu ++ doped CLTT crystals, solutions (2) 
to (6) and (7) to (11) were poured, respectively. After a few days, nucleation started 
in the gel and good quality, prismatic, crystals grew. 
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3.4 Crystal Growth Observations: 
3.4.1 For manganese doped crystals:  
The following crystal growth observations were made by varying the 
concentration of MnCl2 in 1M Ca Cl2 in the selected supernatant solutions. 
(1) After pouring the 20ml, 1M CaCl2 supernatant solution on the set gel, some 
good quality prismatic shaped crystals were found to be growing in the gel. 
Figure (3.1a) is the photograph depicting this type of crystal growth. The grown 
crystals are prismatic transparent and colorless. 
(2) In the case of 10ml, 0.001M MnCl2 + 10ml, 1M CaCl2 supernatant solution, 
some good quality prismatic, slightly yellow colored, crystals were grown in 
the gel.  Figure (3.1b) is the photograph showing this type of crystal growth. 
(3)   For supernatant solution containing 10ml, 0.005M MnCl2 + 10ml 1M CaCl2 
solutions, moreorless, the same observations were made. Figure (3.1c) is the 
photographs exhibit this type of crystal growth.  
(4) In the case of 10ml, 0.01M MnCl2 + 10ml 1M CaCl2 supernatant solution, 
similar results were obtained, however, the grown crystals had comparatively 
darker yellowish tinge than the previous cases. Figure (3.1d) is the photograph 
depicting this type of crystal growth. 
(5) When 10ml, 0.05M MnCl2 + 10ml, 1M CaCl2 supernatant solution was poured 
on the set gel, the number of crystals as well as their size was found to be 
decreasing on going towards bottom of the test-tube. Figure (3.1e) is a 
photograph exhibiting this type of crystal growth. The grown crystals were 
more yellowish in color than the previous ones. 
(6) In the case of pouring 10 ml, 0.1M MnCl2 + 10ml, 1M CaCl2 supernatant 
solution on the set-gel, moving towards the bottom of gel column the number of 
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grown crystals was decreasing. The size of crystals was found to be 
comparatively less than the earlier five solutions. Figure (3.1f) is a photograph 
showing this type of crystal growth. The grown crystals were more yellowish in 
color then the previous ones. 
                       
                               (a)                                (b)                            (c) 
                       
                                (d)                             (e)                              (f) 
Figure (3.1): (a) 20ml CaCl2, 10ml CaCl2 +10ml (b) 0.001M MnCl2 (c) 0.005M MnCl2   
(d) 0.01M MnCl2 (e) 0.05M MnCl2 (f) 0.1M MnCl2  
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One can conclude that in all cases prismatic transparent crystals were grown. 
As the molar concentration of MnCl2 increased the grown crystals had more yellow 
tinge. This gives indirect confirmation of Mn++ doping and its increasing 
concentration. Manganese tartrate crystals are having brownish yellow color [1]. 
Therefore, the increase in the yellow tinge in CLTT crystals upon increasing MnCl2 
concentration may be due to the formation of Mn- tartrate bonds in crystals. 
3.4.2 For copper doped crystals. 
The following crystal growth observations were made for varying the 
concentration of CuCl2 in 1M CaCl2 in the selected supernatant solutions. 
(1) In the case of 10ml, 0.001M CuCl2 + 10ml, 1M CaCl2supernatant solution, 
some good quality prismatic crystals were found to be growing in the gel.  
Figure (3.2a) is the photograph depicting this type of crystal growth. The 
grown crystals were slightly bluish in color. 
(2) For supernatant solution containing 10ml, 0.005M CuCl2 + 10ml 1M 
CaCl2 solutions, after a few days some good quality, transparent prismatic 
crystals were found to be growing into the gel.  Figure (3.2b) is the 
photograph depicting this type of crystal growth. The grown crystals were 
also with slight bluish tinge. 
(3) In the case of 10ml, 0.01M CuCl2 + 10ml, 1M CaCl2 supernatant solution, 
the growth was similar to the previous ones. Figure (3.2c) is the 
photograph showing this type of crystal growth. The grown crystals were 
more slightly bluish in color than the previous. 
(4)  When 10ml, 0.05M MnCl2 + 10ml, 1M CaCl2 supernatant solution was 
poured on the set gel the number of grown crystals was found to be 
decreasing on going towards bottom of the test-tube and also the size of 
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the grown crystals also decreased along with the number. Figure (3.2d) is a 
photograph exhibiting this type of crystal growth. The grown crystals were 
more bluish in color than the previous ones. 
(5)  In the case of pouring 10ml, 0.1M MnCl2 + 10ml 1M CaCl2 supernatant 
solutions on the set-gel, upon moving towards the bottom of gel column, the 
number of crystals was decreasing. The size of crystals was found to be 
comparatively less than the earlier four solutions. Figure (3.2e) is a 
photograph showing this type of crystal growth. The grown crystals were 
having more bluish color than the previous ones. 
                   
   Figure (3.2a)        Figure (3.2b)          Figure (3.2c)        Figure (3.2d)        Figure (3.2e) 
Figure (3.2): 10ml CaCl2 +10ml (a) 0.001M CuCl2 (b) 0.005M CuCl2 (c) 0.01M CuCl2    
(d) 0.05M CuCl2 (e) 0.1M CuCl2  
One could find out that Cu++ doped CLTT crystals were transparent and 
prismatic in shape. On increasing the molar concentration of CuCl2 in the supernatant 
solutions, the growth CLTT crystals were more in bluish color. Copper-tartrate 
crystals are blue in color [2]. Therefore, the bluish color of the crystals indicates 
doping of Cu++ in crystals and possible formation of Cu-tartrate bonding. The 
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phenomenon of crystal growth is diffusion controlled, which can be confirmed by 
reducing the number and size of crystals on moving towards the bottom of the gel 
column. 
3.5 Structural Study: 
Calcium tartrate tetrahydrate (CTT) crystal structure is quite interesting which 
was studied by Ambady [3]. He has shown the intermolecular feature of the tatrate ion 
in CTT as shown in figure (3.3). The two halves of the molecule, each consisting of a 
carboxyl group, a tetrahedral carbon and hydroxyl oxygen, are individually planar. 
The two planes are so oriented that the four carbon atoms assume a zigzag planer 
configuration. One of the C-O distances in the carboxyl group is as great as 1.31Å, 
suggesting that the carboxyl oxygen atom O(6) may be protonated. 
 
Figure (3.3): Intermolecular feature of the tatrate ion in CTT (Ambady 1968) 
 
In calcium tartrate all four carboxyl oxygen atoms lie in proximity to either 
water molecules or hydroxyl groups at distances, which suggest hydrogen bond 
formation. The environments of two carboxyl groups viewed down C(1)-C(2) and 
C(4)-C(3)  are shown in figure (3.4). The angle between the planes defined by C(1) 
O(1) O (2) and  C(1) C(2 )O(3)  is nearly 22˚. As a result the angle between least 
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squares planes fitted on the groups C(2) O(3) C(1) O(1) O(2) and C(3) O(4) C(4) O(5) 
O(6) is nearly 90˚ instead of the usual value of  about 60˚ found in tartrates. The large 
rotation of these carboxyl group about C(1)-C(2) appears to be due to the attractive 
influence of the cation on O(1) and also due to the hydroxyl group O(3B) of another 
molecule. Even though the distance between O(2) and O(4A) is 2.77Ǻ, it is unlikely 
that they are linked by hydrogen bond since the angle C(3A)-O(4)-O(3) is nearly 
167˚. The forces acting on the other carboxyl group are relatively weak and moreover 
mutually opposing. Therefore, one can expect this group to be coplanar with C(4) 
C(3) O(4). 
 
Figure (3.4): The environment of the carboxyl groups of calcium tartrate viewed down     
C(1)-C(2) and C(4)-C(3)  (Ambady 1968) 
 
The tartrate molecules lie in channels bonded by ions, in a direction nearly 
parallel to the ab plane as shown in figure (3.5). The structure is stabilized by a 
system of hydrogen bonds linking the molecules directly and also through the water 
molecules. The environments of water molecules are shown in figure (3.6).  The water 
molecule O (10) has three neighbors O (4), O (3) and O (5A) situated at distances less 
than 3 Ǻ. The angle O (4)-O (10)-O (3) is about 59˚ and it is likely that one of the 
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protons of this water molecule is involved in the formation of a bifurcated hydrogen 
bond. The cation is situated close to the bisector of the lone pairs of orbitals of this 
water. 
 The coordination polyhedra in calcium tartrate is dodecahedra. The average 
Ca+2-O distance is 2.47Ǻ; this is given in figure (3.7).  
 
 
Figure (3.5): The structure of CLTT viewed down the c axis. (Ambady 1968) 
 
Detailed structural analysis of CD-CTT and strontium tartrate tertrahydrate 
(STT) are given by Ambady [3] and Evans [4] have obtained the unit cell parameters 
of CTT and STT crystals. The crystal structure data of CTT are as follows:  
CaC4H4O6  4H2O molecular weigh = 260.1 
Unit cell parameters: a = 9.24 ± 0.02 Ǻ, b = 10.63 ± 0.02 Ǻ, c = 9.66 ± 0.02 Ǻ 
Space group = P 21 21 21 
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 Figure (3.6): The environments of water molecules in the structure of calcium tartrate 
(Ambady 1968) 
 
 
Figure (3.7): The coordination polyhedron of calcium (Ambady 1968) 
 Structural properties of strontium doped calcium tartrate (CST) is reported by 
Suryanarayana et al. [5]. They found that there is no significant structural change in 
CST, if it is compared with calcium tartrate. The water molecules connects tartrate 
motif by hydrogen bonding and hence form an infinite chain which runs along c-axis. 
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The adjacent chains are linked along b-axis by metal and tartrate oxygen bonds. They 
have concluded that the packing of tartrate molecules remains unaltered with 12% of 
the strontium doping. 
 The Ca2+ ion was found to be eightfold coordinated with the coordination 
polyhedron of oxygen atoms forming a distorted dodecahedron. Figure (3.8) shows 
schematic diagram of such a dodecahedron with the labeling of the oxygen atoms as 
used by Ambady. 
 
 
Figure (3.8): The coordination dodecahedron of Ca in CLTT. (Lau and Lin 1973) 
However, there was some misprint in the labeling of Ambady’s original 
drawing (figure (3.7) of [3]), and which are corrected [6]. In figure (3.8), O1 and   O3 
belong to one molecule of tartrate ion with O1being a carboxyl and O3 neighboring 
hydroxyl oxygen. The same relation holds for O6C and O4C, O2B and O5B are both 
carboxyl oxygen atoms of belonging to two different tartrate ions. O8C and O10C are 
oxygen atoms of two water molecules. The polyhedron has an approximate symmetry 
of D2d. Conventionally; the S4 axis is taken as the z-axis for the description of the 
molecular orbitals. This axis is perpendicular to the plane of paper, and the x and the 
y-axes are shown lying in the plane in figure (3.8). The structure of the tartrate ion has 
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been determined by many authors using X-ray diffraction [7-12]. The ion consists of 
two planar halves, each containing a carboxyl group, a tetrahedral carbon atom and 
hydroxyl oxygen atoms. The chain of carbon atoms is almost planar. The planes of 
two CO2 groups are inclined nearly at 60˚ to the plane.  
Recently, a detailed structural characterization by single crystal XRD of Ba++, 
Sr++, Cd++, Ni++, Mn++, Zn++ and Co++ doped CTT has revealed interesting 
information. In case of alkaline earth atom doping, it substitutes Ca. The important 
structural differences have been identified as the lengthening of the shortest Ca-O 
bond and the breaking the some of the hydrogen bonds. On the other hand, the doping 
atom has been found occupying an interstitial site when the transition metal atoms are 
used. The three types of structural differences have been observed, which are the 
shortening of the shortest Ca-O bond by keeping the longest Ca-O bond constants, 
difference in torsion angles in tartrate ion and hydrogen bond explained by the doping 
atom localization [13].     
The present author has used powder XRD to study the effect of doping on unit 
cell parameters and to identify any extra phase present, if any.  
3.5.1   X-ray Diffraction by Powder Method:  
 The powder X-ray diffraction (XRD) was devised independently in 1916 by 
Peter Joseph William Debye, a Nobel Laureate, and P. Scherrer in Germany and in 
1917 by A. W. Hull in United States [14-16]. The powder XRD is a non-destructive 
technique widely used for the characterization of a variety of crystalline materials.  
This method has been conventionally used for phase identification, quantitative 
analysis and the determination of structure imperfections. However, in recent years 
the applications have been extended to new areas, such as the determination of crystal 
structures and the extraction of three-dimensional micro-structural properties.  
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 In the pharmaceutical industries the powder-XRD is popular for identification 
of drug molecule and its polymorphs. The physical states of the materials can be loose 
powders, thin films, poly-crystalline and bulk materials. By properly using this 
technique one can yield a great deal of structural information about the material under 
investigation. For most applications, the amount of information which is possible to 
extract depends on the nature of the sample microstructure (crystallinity, structure 
imperfections, crystallite size and texture) the complexity of the crystal structure 
(number of atoms in the asymmetric unit cell and unit cell volume), the quality of the 
experimental data (instrument performances and counting statistics) [17]. 
The powder method can be used, as a tool to identify crystals, since the 
powder XRD patterns produced by a crystalline substance is a characteristic of that 
particular substance. One of the most important uses of the powder method is in the 
identification of an unknown material. If a set of standard diagrams of known 
substances, or tabular representations of them, available, then it is possible to identify 
a pure substance with the aid of a set of rules for finding an unknown diagram. The 
ASTM data cards as well as JCPDS data files are available for large number of 
substances for identifications and comparison. Statistical study of the relative 
orientations of the individual crystals of an aggregate is one of the important 
secondary uses of the powder method [18,19]. Identification of phases can be done by 
powder technique without solving crystal structure or assigning indices to the 
reflections. Apart from these, cold work, recovery and re-crystallization are readily 
recognized by their effect on the powder patterns.    
 Basically, this method involves the diffraction of monochromatic X-ray by a 
powdered specimen. Usually ‘monochromatic’ means the strong characteristic K 
component of the filtered radiation from an X-ray tube operated above the K 
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excitation potential of the target material. The “Powder” can mean either an actual, 
physical powder held together with suitable binder or any specimen in polycrystalline 
form. Since single crystals are not always available, this method is more suitable for 
structural determination of various substances. The powder method is also known as 
the Debye-Scherrer method. 
 
Figure (3.9a): The Principle of Powder X-ray Diffraction 
 
Figure (3.9b): Powder Sample Diffract X-ray Beam in Cones 
When X-ray is incident on the crystalline powdered sample it gets diffracted 
according to the above-mentioned equation in form of cones, which is exhibited in 
figure (3.9b). 
                                                        Chapter III…55 
 
                                                                                                                         
                                                             Growth of Mn++ and Cu++ doped CLTT Crystals 
 
Diffraction Line    Parameter of Applications 
Peak position    Unit-cell parameter refinement   
Pattern indexing 
     Space group determination (2θ0/absent reflections) 
     Anisotropic thermal expansion 
     Macrostress: sin2ψ method 
     Phase identification (d/I) 
Intensity    Phase abundance 
     Reaction kinetics 
     Crystal structure analysis (whole pattern) 
     Rietveld refinement (whole pattern) 
     Search/match, phase identification 
     Preferred orientation, texture analysis 
Width/breadth and shape   Instrumental resolution function 
                 Microstructure: line profile analysis 
                 Microstructure (crystallite size, size    
     distribution, lattice distortion, structure    
                 mistakes,  dislocations, composition   
     gradient), crystallite growth kinetics 
 Three-dimensional microstructure (whole pattern) 
Non-ambient and  in situ diffraction under external dynamic        
diffraction constraints reaction kinetics 
There are three types of powder methods, differentiated by the relative position 
of the specimen and the film. 
Debye-Scherrer Method:  
   The film is placed on the surface of a cylinder and specimen on the axis of the 
cylinder. 
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Focusing Method:  
  The film, specimen, and X-ray source are all placed on the surface of a 
cylinder. 
Pinhole Method:  
  The film is flat, perpendicular to the incident X-ray beam, and located at any 
convenient distance from the specimen. 
 For the purpose of simultaneous and quick measurement of the positions and 
intensities of diffraction lines the diffractometers are advantageous; on the other hand, 
the diffraction cameras are preferred when a very small amount of specimen is 
available, if an entire diffraction ring is required to be recorded in order to do the 
rapid estimation of grain size and preferred orientation and in case of large 
immovable specimen. 
The powder photographic methods are well described by Klug and Alexander 
[20] as well as Azaroff and Buerger [18].   
The simplest and most inexpensive way of practicing the powder method is to 
record the X-ray diffraction on photographic film, using a powder camera. A more 
elaborate way is to detect the diffracted radiation by means of a quantum counter, like 
Geiger counter. The use of counter diffracto-meter, and recorder equipment is 
justified chiefly when one wants to examine different samples rapidly. Such methods 
also have a real advantage whenever accurately measured intensities are necessary. 
Now many types of softwares are available in market for powder XRD data analysis.  
 In the present work crystals were analyzed by powder X-ray analysis PHILIPS 
X’PERT MPD System at CSMCRI, Bhavnagar and SICART at Vallabh Vidyanagar. 
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3.5.2 Powder XRD of Pure and Doped CLTT crystals: 
 Powder X-ray Diffraction (XRD) is perhaps the most widely used x-ray 
diffraction technique for characterizing inorganic and organic crystalline materials. As 
the name suggests, the sample is usually in a powder form, consisting of fine grains of 
single crystalline material to be studied. The technique is also used widely for 
studying particles in liquid suspensions or polycrystalline solids (bulk or thin film 
materials) [15]. The term 'powder' really means that the crystalline domains are 
randomly oriented in the sample. Therefore, when the 2-D diffraction pattern is 
recorded, it shows concentric rings of scattering peaks corresponding to the various d 
spacing in the crystal lattice. The positions and the intensities of the peaks are used for 
identifying the underlying structure (or phase) of the material. As mentioned earlier, 
this method is used for phase identification, quantitative analysis and the 
determination of structure imperfections.  
  In the present investigation, an attempt is made to find out the cell parameters 
of pure and Mn++ and Cu++ doped CLTT crystals and compare the same with the 
reported values. Using DEBYE computer programme, h, k and l parameters as well as 
d and 2θ values are generated in such a way that these values match with the powder 
X-ray diffraction values, then by using the programme REFEDT.BAS. The new 
values of a, b, and c are generated from the h, k, l and d values obtained earlier.  
The powder XRD patterns are shown in figures (3.10 a-f) for the Mn++ doped 
CLTT crystals, where as figures (3.11 a-e) are the powder XRD patterns for the Cu++ 
doped CLTT crystals. The powder XRD data for Mn++ and Cu++ doped CLTT crystals 
along with assigned planes of reflections are given in tables (3.1a-f) and tables       
(3.2 a-e), respectively. 
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(a) 
(b) 
(c) 
 
         
 
(d) 
(e) 
(f) 
 
Figure (3.10 a-f): The powder XRD patterns for the (a) pure CLTT, (b) 0.01% Mn++ (c) 
0.018% Mn++    (d) 0.030% Mn++, (e) 0.069% Mn++ and (f) 0.093% 
Mn++ doped CLTT crystals doped CLTT crystals 
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     Figure (3.11a): The powder XRD patterns for 0.024% Cu++ doped CLTT crystals 
 
     Figure (3.11b): The powder XRD patterns for 0.025% Cu++ doped CLTT crystals 
 
      Figure (3.11c): The powder XRD patterns for 0.047% Cu++ doped CLTT crystals 
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     Figure (3.11d): The powder XRD patterns for 0.098% Cu++ doped CLTT crystals 
 
 
 
 
 
 
 
 
 
     
Figure (3.11e): The powder XRD patterns for 0.111% Cu++ doped CLTT crystals 
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 One can notice from the powder XRD data that certain reflections are present 
in all the samples but in some samples extra reflections are present and also in some 
samples certain reflections are shifted from their earlier positions. As Torres et al. 
[15] have reported that the dopant atoms are likely to occupy interstitial positions, 
therefore, it is expected to alter the length of Ca-O bond in terms of shortening the 
shortest bond by keeping the longest Ca-O bond constant. The ionic radii of Ca++, 
Mn++, Cu++ are 0.99 Ǻ, 0.80 Ǻ and 0.72 Ǻ, respectively. This might be responsible for 
changes in the powder XRD data, however, the variations in the cell parameter data 
are not much and the basic orthorhombic crystal structure is retained. The cell 
parameter data for Mn++ and Cu++ doped CLTT crystals are given in table (3.3). The 
cell parameter data correspond to the data reported by Ambady [3 ] in a close manner.  
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Table (3.1a): X-ray diffraction results for pure CLTT crystals 
2θ degrees Relative intensity % d (Ǻ) (h k l) 
12.4321 
13.3067 
16.77419 
18.43099 
19.36040 
21.43945 
22.46609 
29.06064 
29.45359 
33.32774 
34.088884 
35.07644 
35.31049 
38.33330 
40.20830 
40.62135 
42.34324 
43.84507 
48.80569 
84.40 
79.30 
37.75 
66.25 
26.95 
27.76 
20.36 
46.98 
100 
30.98 
33.53 
75.93 
84.13 
23.10 
23.79 
22.09 
20.97 
41.58 
21.20 
7.1127 
6.6482 
5.2810 
4.8098 
4.5809 
4.1412 
3.9542 
3.0702 
3.0301 
2.6862 
2.6279 
2.55617 
2.5398 
2.3462 
2.2410 
2.2191 
2.1328 
2.0631 
1.8644 
(011) 
(101) 
(020) 
(002) 
(120) 
(121) 
(112) 
(300) 
(103) 
(231) 
(123) 
(140) 
(312) 
(014) 
(241) 
(303) 
(124) 
(421) 
(314) 
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Table (3.1b): X-ray diffraction results for 0.01%Mn++ doped CLTT crystals 
2θ degrees Relative intensity % d (Ǻ) (h k l) 
12.44524 
13.30801 
16.77011 
18.44273 
19.36612 
21.44143 
22.50441 
27.09724 
29.06366 
29.45985 
31.97101 
33.32411 
34.09783 
35.02191 
35.11030 
35.32528 
36.58602 
38.35043 
40.21403 
43.8585 
70.95 
83.30 
43.20 
75.58 
20.94 
36.95 
25.58 
30.90 
69.66 
90.94 
23.07 
36.04 
35.58 
70.41 
100.00 
79.71 
22.35 
35.79 
25.08 
42.96 
7.1064 
6.6476 
5.2822 
4.8068 
4.5796 
4.1408 
3.9476 
3.28799 
3.0699 
3.0295 
2.7970 
2.6865 
2.6273 
2.5600 
2.5538 
2.53873 
2.4541 
2.34514 
2.24065 
2.06254 
(011) 
(101) 
(020) 
(002) 
(120) 
(121) 
(112) 
(221) 
(300) 
(103) 
(230) 
(231) 
(123) 
(041) 
(140) 
(312) 
(141) 
(014) 
(241) 
(421) 
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Table (3.1c): X-ray diffraction results for 0.018%Mn++doped CLTT crystals 
2θ degrees Relative intensity % d (Ǻ) (h k l) 
12.43431 
13.28515 
16.77 
18.4197 
19.34403 
21.44131 
22.46568 
27.06419 
29.06678 
29.45051 
33.30487 
34.07549 
35.07978 
35.30220 
38.33045 
40.21197 
43.83269 
46.72821 
48.78931 
77.66 
82.42 
47.56 
71.64 
23.48 
37.97 
25.67 
25.45 
67.94 
100 
36.91 
36.06 
88.26 
96.03 
37.87 
27.71 
46.14 
20.32 
20.99 
7.11266 
6.6590 
5.2822 
4.8139 
4.5848 
4.1408 
3.9543 
3.2919 
3.0695 
3.0304 
2.6880 
2.6289 
2.5593 
2.5403 
2.3463 
2.2408 
2.0637 
1.9423 
1.8650 
(011) 
(101) 
(020) 
(002) 
(122) 
(121) 
(112) 
(130) 
(300) 
(103) 
(231) 
(123) 
(410) 
(140) 
(014) 
(241) 
(421) 
(052) 
(314) 
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Table (3.1d): X-ray diffraction results for 0.030%Mn++doped CLTT crystals 
2θ degrees Relative intensity % d (Ǻ) (h k l) 
12.46190 
13.32782 
16.8045 
18.44683 
19.38192 
21.48692 
27.12156 
29.08977 
29.48169 
33.3631 
34.10779 
35.12604 
35.34045 
38.35464 
40.23823 
43.86646 
44.41284 
84.61 
80.24 
48.86 
66.29 
24.29 
44.48 
29.51 
62.74 
98.84 
34.74 
37.96 
92.38 
100.00 
27.15 
32.27 
39.38 
26.91 
7.0970 
6.6378 
5.2715 
4.8057 
4.5759 
4.1321 
3.28510 
3.0672 
3.0273 
2.6855 
2.62651 
2.55267 
2.53767 
2.34489 
2.23936 
2.06219 
2.03808 
(011) 
(101) 
(020) 
(002) 
(120) 
(121) 
(003) 
(300) 
(103) 
(231) 
(123) 
(410) 
(140) 
(014) 
(241) 
(421) 
(412) 
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Table (3.1e): X-ray diffraction results for 0.069%Mn++doped CLTT crystals 
        2θ 
degrees 
Relative intensity % d (Ǻ) (h k l) 
12.47362 
13.31714 
16.80554 
18.46049 
19.39595 
21.43418 
21.51655 
22.48887 
27.12140 
29.10530 
29.48861 
33.34 
34.11888 
35.03793 
35.12668 
35.34811 
38.36195 
43.86105 
46.76845 
76.03 
94.33 
52.36 
63.02 
24.76 
30.86 
28.84 
23.28 
24.93 
90.85 
100 
37.45 
30.65 
61.77 
88.55 
92.74 
20.56 
33.23 
25.86 
7.0903 
6.6431 
5.2712 
4.8022 
4.5726 
4.1422 
4.1265 
3.9503 
3.28512 
3.0656 
3.0266 
2.6848 
2.5526 
2.55889 
2.5371 
2.53714 
2.34446 
2.06243 
1.94076 
(011) 
(101) 
(020) 
(002) 
(120) 
(121) 
(121) 
(112) 
(221) 
(300) 
(103) 
(231) 
(123) 
(140) 
(140) 
(140) 
(014) 
(421) 
(422) 
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Table (3.1f): X-ray diffraction results for 0.093%Mn++ doped CLTT crystals 
       2θ 
degrees 
Relative intensity % d (Ǻ) (h k l) 
12.4952 
13.32456 
16.80017 
18.45510 
21.42257 
29.08810 
29.49365 
33.33113 
34.11603 
35.05453 
35.34733 
38.36056 
40.24074 
43.86108 
48.47733 
86.02 
54.30 
36.25 
57.69 
24.38 
42.01 
100 
22.46 
32.69 
48.86 
52.07 
19.30 
19.81 
32.30 
19.32 
7.0983 
6.6393 
5.2728 
4.8036 
4.1444 
3.0673 
3.0261 
2.6859 
2.6259 
2.55771 
2.5372 
2.3445 
2.2392 
2.0624 
1.8637 
(011) 
(101) 
(020) 
(002) 
(121) 
(300) 
(103) 
(231) 
(123) 
(140) 
(041) 
(014) 
(241) 
(421) 
(314) 
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Table (3.2a): X-ray diffraction results for 0.024% Cu++ doped CLTT crystals 
2θ degrees Relative intensity % d (Ǻ) (h k l) 
12.45 
13.31 
18.44 
21.45 
29.08 
29.47 
33.35 
34.12 
35.08 
35.35 
36.59 
38.358 
40.203 
43.85 
51.86 
53.55 
48.94 
37.27 
49.42 
80.85 
36.14 
30.54 
91.89 
100 
28.18 
36.40 
25.99 
43.5 
7.1 
6.644 
4.806 
4.1384 
3.06811 
3.028 
2.68429 
2.625 
2.555 
2.53 
2.4536 
2.344 
2.24122 
2.0629 
(110) 
(101) 
(002) 
(121) 
(300) 
(103) 
(320) 
(123) 
(140) 
(312) 
(141) 
(104) 
(241) 
(421) 
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Table (3.2b): X-ray diffraction results for 0.025% Cu++ doped CLTT crystals 
           2θ 
degrees 
Relative intensity % d (Ǻ) (h k l) 
12.44 
13.28 
18.45 
21.037 
21.48 
29.08 
29.5 
33.25 
35.0748 
38.374 
40.196 
41.2127 
43.88 
48.87 
44.59 
30.37 
35.84 
27.47 
32.99 
34.78 
100 
37.28 
76.32 
27.73 
31.67 
24.28 
44.20 
29.07 
7.10639 
6.66177 
4.80412 
4.21941 
4.13376 
3.06777 
3.02523 
2.68439 
2.55628 
2.34373 
2.24158 
2.18863 
2.06153 
1.86189 
(011) 
(101) 
(021) 
(210) 
(121) 
(300) 
(103) 
(231) 
(140) 
(322) 
(244) 
(411) 
(421) 
(115) 
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Table (3.2c): X-ray diffraction results for 0.047% Cu++ doped CLTT crystals 
          2θ 
degrees 
Relative intensity % d (Ǻ) (h k l) 
12.48 
13.33 
16.82 
18.4522 
29.097 
29.52 
33.33 
34.16 
35.35 
38.4216 
40.24066 
43.9 
46.82 
27.24 
60.48 
33.40 
50.60 
100 
60 
47.69 
32.14 
96.28 
27.28 
52.63 
42.88 
32.35 
7.08484 
6.63471 
5.26594 
4.8043 
3.06643 
3.02335 
2.68573 
2.62248 
2.53703 
2.34095 
2.23923 
2.06043 
1.9385 
(011) 
(111) 
(020) 
(002) 
(300) 
(103) 
(231) 
(123) 
(312) 
(104) 
(214) 
(421) 
(422) 
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Table (3.2d): X-ray diffraction results for 0.098% Cu++ doped CLTT crystals 
2θ degrees Relative intensity % d (Ǻ) (h k l) 
12.44 22.24 7.10464 (110) 
13.31 25.88 6.64293 (101) 
18.472 36.97 4.79914 (002) 
21.44 27.70 4.14048 (121) 
29.11 33.86 3.06464 (300) 
29.512 49.86 3.02415 (103) 
33.34 27.93 2.68515 (231) 
34.15 39.44 2.62308 (123) 
35.36 100 2.53582 (312) 
43.85 44.87 2.06293 (421) 
48.47 26.89 1.87650 (243) 
48.87 21.26 1.86194 (115) 
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Table (3.2e): X-ray diffraction results for 0.111% Cu++ doped CLTT crystals 
2θ degrees Relative intensity % d (Ǻ) (h k l) 
12.42 35.81 7.11849 (011) 
13.29 56.66 6.65591 (101) 
16.75 29.02 5.2873 (020) 
18.43 40.82 4.80991 (002) 
21.42 33.56 4.14361 (121) 
27.26 34.14 3.26823 (221) 
29.08 50.31 3.06771 (300) 
29.48 91.61 3.02649 (103) 
33.32 36.28 2.68669 (231) 
34.10 38.61 2.62684 (123) 
35 79.99 2.55997 (041) 
35.32 100 2.53894 (312) 
38.36 25.49 2.34425 (104) 
40.19 27.38 2.24178 (241) 
41.15 31.80 2.19186 (411) 
43.83 61.74 2.06382 (421) 
46.8 27.76 1.9395 (422) 
48.35 28.06 1.88082 (333) 
48.84 26.61 1.86298 (115) 
49.42 32.86 1.84252 (300) 
 
                                                        Chapter III…73 
 
                                                                                                                         
                                                             Growth of Mn++ and Cu++ doped CLTT Crystals 
 
Table (3.3): Unit cell parameter data for Mn++ and Cu++ doped CLTT crystals 
 
Cell parameters 
 
Samples 
 
a Å 
 
b Å 
 
cÅ 
Pure CLTT 9.2134 10.5841 9.6253 
0.010%Mn++ doped  9.2053 10.6018 9.6117 
0.018%Mn++doped 9.2130 10.5955 9.6249 
0.030%Mn++ doped 9.2100 10.5763 9.6150 
0.069%Mn++ doped 9.2234 10.5873 9.6121 
0.093%Mn++ doped 9.2168 10.5677 9.6147 
0.024%Cu++ doped 9.2224 10.63 9.6611 
0.025%Cu++ doped 9.2130 10.5955 9.6249 
0.047%Cu++ doped  9.2100 10.5763 9.6150 
0.098%Cu++ doped 9.2234 10.5873 9.6121 
0.111%Cu++ doped 9.2168 10.5677 9.6147 
 
 
3.6 Estimation of Doping: - 
It is important to know amount of doping in to the grown crystals. Whatever 
types of solutions of different concentrations are added in the supernatant solutions 
along with calcium chloride solution for the growth of doped CLTT crystals, it is 
likely that the full amount of doping depending on the concentration of solution does 
not occur in the crystal. Therefore, the exact amount of doping in the crystal is 
estimated by several techniques such as, Energy Dispersive Analysis by X-ray             
(EDAX), Atomic Absorption Spectroscopy (AAS) and Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-AES).  
 In the present study, the Inductively Coupled Plasma Atomic Emission 
Spectroscopy is used for the estimation of doping in crystals 
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3.6.1 Inductively Coupled Plasma Atomic Emission Spectroscopy: 
 Inductively Coupled Plasma Atomic Emission Spectroscopy is a versatile 
method for estimation of elements. It finds use in many fields including inorganic 
chemistry, bio-inorganic chemistry, pharmaceutical industries, biological sciences, 
geology, oceanography, food industries, polymer industries, pesticide industries, 
environmental studies and pollution monitoing of water and air and catalyst industries 
[21, 22]. 
Atomic Emission Spectrometry is based on the principle that during reversion 
to the ground state an excited atom or ion releases absorbed energy as light (photons) 
of characteristic wavelengths, the positions and intensities of which can be measured. 
The energy transfer for electrons when they fall back to ground state is unique to each 
element as it depends upon the electronic configuration of the orbitals. The energy 
transfer is inversely proportional to the wavelength of electromagnetic radiation, E = 
hc/ λ (where h is Planck's constant, c the velocity of light and λ is wavelength), and 
hence the wavelength of radiation emitted is also unique.  
The wavelengths used in AES ranges from the upper part of the vacuum 
ultraviolet (160 nm) to the limit of visible radiation (800 nm). As borosilicate glass 
absorbs radiation below 310 nm and oxygen in air absorbs radiation below 200 nm, 
optical lenses and prisms are generally fabricated from quartz glass and optical paths 
are evacuated or filled by a non-absorbing gas such as Argon. Plasma can be 
generally defined as luminous volume of partially ionized gas. In ICP the plasma is 
generated from radio frequency magnetic fields induced by a copper coil, which is 
wound around the top of a quartz torch. The high frequency current flows in the coil 
generating a rapidly varying magnetic field within it. If the charged particles flow 
through the field, cutting the magnetic lines of force, the ohmic heating results. The 
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standard radio frequency used is 27.12 MHz. It is the heat resulting from this 
interaction that generates the ICP flame. The inductive heating effect maintains the 
ICP flame at a temperature of 6000 K and up to 10000 K at its hottest point. Samples 
are injected into the centre of the plasma toroid and are heated rapidly to around 8000 
K by conduction, convection and radiation effects. The sample molecules undergo 
instantaneous dissolution, vaporization, dissociation, ionization and excitation. ICP-
AES is less susceptible to interferences. This is because of the high temperature at 
which no chemical bond survives causing complete atomization of the analytic 
solution entering the ICP. The extreme temperature generates strong emission lines 
for most of the elements of the periodic table. This method is especially suited to 
many of the refractory elements, rare earths etc. High temperatures ensure complete 
dissociation and recombination and hence the interferences are negligible of the atoms 
and formation or retention of stable molecular species in the flame is negligible; 
hence chemical interferences are also minimal.  
 Sample preparation technique is very important for ICP-AES, which requires 
great care to be taken. For rocks, soils, and sediments one can used two standard 
techniques, which are lithium metaborate fusion and hydrofluoric acid method. In 
lithium metaborate fusion, method, 0.2 gm of sample and 0.6 gm lithium metaborate 
are taken in a platinum crucible and heated till the mixture becomes glassy in 
consistency, then the mixture is dissolved in 30% nitric acid. This solution is then 
diluted to standard volume with distilled water, where as in the hydrofluoric acid 
method, 0.5 gm of the sample is taken in a Teflon beaker and 10 ml nitric acid or 
perchloric acid and 5 ml hydrofluoric acid are added, thereafter, the solution was 
heated for dryness. In a dry mass, 10 ml of aqua regia is added to dissolve it. Finally, 
the solution is diluted to standard volume, 100 ml, with distilled water. However, the 
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estimation of silicon is not possible as silica is lost to the atmosphere as silicon 
tetrafluoride. 
Water samples are also analyzed as such for the presence of elements like Ca, 
Mg, Mn, Fe, Zn, Na, K. Usually, 500 ml of solution is concentrated to 50 ml by 
heating at 40o C.  It is also needed to analyze organic samples such as blood, urine, 
polymers and other products by the ICP-AES. For organic samples, 10 ml of sample 
in 10 ml of nitric acid is heated and hot perchloric acid is then added in drop wise 
manner till all the solution becomes clear. Dilution is done with distilled water to 
desired volume. 
Samples of metals and alloys can be digested using only nitric acid or 
hydrochloric acid or the combination of the two (aqua-regia). Crystalline samples that 
are water-soluble can be submitted in their water-dissolved form. However, organic 
solvents cannot be accepted, because plasma cannot be sustained in presence of 
organic solvent. Hence the organic solvent has to be either volatilized or destroyed. 
 A minimum of 25 ml of solution is required for estimation of about 5 elements 
and result in ppm or microgram per ml is usually obtained.  
The doped crystals are characterized by different techniques, which are 
elaborately discussed in the following chapter in section-B of the present thesis.  
3.6.2 Analysis of Doped CLTT by ICP-AES: 
The ICP –AES analysis was carried for the estimation of Mn+2 and Cu+2 in 
CLTT crystals by using 8440 PLASMALAB, LABTAM (Australia), set up at IIT, 
Bombay. Monochromator wavelength ranges are 160 nm to 800 nm. The 
polychromators are available for the elements Ca, Mg, Mn, Fe, Zn, Na, K. In 
sequential mode any metal element of interest can be analyzed. The samples were 
prepared in a standard manner. 
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Table (3. 4): ICP data showing the amount of Mn ++ and Cu ++ in samples 
Name  of the samples Actual amount of Mn++ or Cu++ in the 
grown crystals in percentage 
0.001M Mn++ doped CLTT  0.010% Mn++ 
0.005M Mn++ doped CLTT 0.018% Mn++ 
0.01M Mn++ doped CLTT 0.030% Mn++ 
0.05M Mn++ doped CLTT 0.069% Mn++ 
0.1M Mn++ doped CLTT 0.093% Mn++ 
0.001M Cu++ doped CLTT 0.024% Cu++ 
0.005M Cu++ doped CLTT 0.025% Cu++ 
0.01M Cu++ doped CLTT 0.047% Cu++ 
0.05M Cu++ doped CLTT 0.097% Cu++ 
0.1M Cu++ doped CLTT 0.111% Cu++ 
 
In the present investigation, the amount of Mn++ and Cu++ in CLTT crystals 
has been determined and table (3.4) shows the results. Different concentrations of 
MnCl2 and CuCl2 solutions give different concentration of doping in CLTT crystals. 
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 3.7 Conclusions:  
(1) Pure and Mn++ and Cu++ doped CLTT crystals were grown by single diffusion 
gel growth technique. 
(2) Different molar concentration of MnCl2 and CuCl2 solutions were poured 
along with 1M CuCl2 solution in supernatant solution to achieve different 
doping concentrations of Mn++ and Cu++ in CLTT crystals, respectively. 
(3) As the concentration of MnCl2 increased in the supernatant solutions, the 
crystals became darker in yellow tinge in color. 
(4) As the concentration of CuCl2 increased in the supernatant solutions, the 
crystals exhibited darker bluish nature. 
(5) The change in coloration gave indirect confirmation of doping. 
(6) The pure CLTT crystals were prismatic and colorless. While the doped 
crystals were prismatic but colored ones. 
(7) The amount of Mn++ and Cu++ doping was estimated by ICP-AES. 
(8) The powder XRD analysis suggested that the doping produced some small 
changes in the cell parameters of CLTT crystals. However, the cell parameter 
data correspond to those reported by Ambady in close manner. 
(9)  From the powder XRD patterns of doped CLTT crystals it was found that in 
some crystals certain reflections were missing and in some crystals certain 
extra reflections were present. However, the majority of reflection remained 
present in all crystals. Also, for some crystals only certain reflections shifted 
from their original positions. This may be due to the interstitial nature of 
doping and resulting the alternations of short Ca-O bonding by keeping the 
longer Ca-O bond constant as suggested by Torres et al. 
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Chapter IV 
 
The FT-IR and EPR Spectroscopic Studies of  
Mn++ and Cu++ Doped CLTT Crystals 
 
4.1 Introduction: 
  In this chapter FT-IR and EPR spectroscopic investigations of Mn++ and Cu++ 
doped calcium L-tartrate tetrahydrate (CLTT) crystals are reported. It is attempted to 
investigate in this chapter that due to doping whether the absorption in FT-IR spectra 
changes or not. Mn++ and Cu++ are transition metal ions and their doping into calcium 
tartrate host lattice is expected to produce hyperfine splitting in EPR spectra. Attempt 
is made to investigate if the amount of doping has any systematic influence on EPR 
parameters or not. EPR spectroscopy is also expected to confirm the doping of Mn++ 
and Cu++ in the host matrix of CLTT crystals. The crystal growth is already explained 
in earlier chapter-III. In the present chapter the results of FT-IR and EPR 
spectroscopy are discussed along with the experimental and instrumental details.    
4.2 Infrared (IR) Spectroscopy and FTIR Spectroscopy:  
    Infrared spectroscopy is one of the most powerful analytical techniques, 
which indicates the possibility of chemical identifications [1]. Till the early 1980s, 
instruments for the mid-infrared region were mostly of dispersive type based on 
diffraction gratings. Due to the advent of Fourier transform technology, the scenario is 
completely changed. Photometers based on interference filters also find applications 
in measuring the composition of gases and atmospheric contaminants. Before the 
appearance of these new instruments, the mid- infrared frequency region of spectra 
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were largely used for qualitative organic analysis and structural determination based 
on absorption spectra. Nowadays, the mid-infrared spectroscopy is used for 
quantitative analysis for complex samples by both absorption and emission 
spectrometry. In addition to this the mid- infrared spectral regions find applications in 
microscopic studies of surfaces, analysis of solids by attenuated total reflectance and 
diffuse reflectance, photo-acoustic instruments and others [2-3].  
  The infrared region of the electromagnetic spectrum extends from the red end 
of the visible spectrum to the microwave region. Infrared spectral region can be 
divided into three regions; near infrared, mid-infrared and far infrared.  
Table (4.1):  Different Infrared Spectral Regions and its Applications 
Spectral 
regions 
Wave 
numbers  
(cm-1) 
Type of 
Measurement 
Type 
Analysis 
Type sample 
Near-
infrared 
12,800 to 4000 Diffuse 
reflectance 
Quantitative Solid or liquid    
materials 
    Absorption Quantitative Gaseous mixtures 
Mid-
infrared 
4000 to 200 Absorption Qualitative Pure solid, liquid   or 
gaseous compounds. 
(mainly organic) 
      Quantitative Complex gaseous, 
liquid or solid mixtures 
    Reflectance Qualitative Pure solid or liquid 
compounds 
    Emission Quantitative Atmospheric samples 
Far-
infrared 
200 to 10 Adsorption Qualitative Pure inorganic or 
metal-organic species 
 
Table (4.1) gives the details of different infrared spectral regions. Molecular 
vibrations are falling into basic categories of stretching and bending. A stretching 
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vibration involves a continuous change in the inter-atomic distance along the axis of 
bond between two atoms. However, the bending vibrations are characterized by a 
change in the angle between two bonds, which are of four types, scissoring, rocking, 
wagging and twisting, figure (4.1). 
 
 
Figure (4.1): Stretching and bending 
Because of the interaction with infrared radiation, portions of the incident 
radiation are absorbed at particular wavelengths. The multiplicity of vibrations 
occurring simultaneously produces a highly complex absorption spectrum, which is a 
unique characteristic of the overall configuration of the atoms as well. Details of 
assignments of different frequencies with different vibrations of bonds, such as H-O, 
N-H, C = O, C-C, C-H and many others were given in detail by many authors [1, 2, 4, 
5]. Many times it is given in the chart and tabular form to facilitate the user to identify 
the specific bond vibrations from the frequency in wave numbers.   
 There are mainly three types of instruments available, which are (1) 
dispersive grating type, (2) multiplex type and (3) non-dispersive type. Variety of 
infrared sources are developed depending upon requirements, which include the 
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Nernst glow-bar, incandescent wire sources, mercury arc, tungsten filament lamp, etc. 
Good transducers such as, thermal transducers, pyro-electric transducers and photo-
conducting transducers are also equally important in the detection and measurement 
of infrared radiation.  For different regions, different type of radiation sources, optical 
systems and detectors are needed. The standard infrared spectrometer is a filter- 
grating or prism- grating instrument covering range from 4000 to 650 cm-1 (2.5 to 
15.4 µm). However the grating instruments offer high resolution that permits 
separation of closely spaced absorption bands, accurate measurements of band 
position and intensities, and high scanning speeds for a given resolution and noise 
level. Modern spectrometers generally have attachments that permit speed 
suppression, scale expansion, repetitive scanning and automatic control of slit, period 
and gain. These are very often under the control of a microprocessor.  Accessories 
such as beam condensers, reflectance units, polarizers and microcells can usually be 
added to extend versatility or accuracy [5]. 
4.2.1 Fourier Transform Infrared Spectroscopy:  
 Multiplex type of instruments employs the mathematical tool of Fourier 
Transform [6]. The apparatus of Fourier Transform Infrared (FTIR) spectrometer is 
derived from Michaelson interferometer, which is shown in figure (4.2). The main 
components of the FT-IR spectrometers are (1) drive mechanism, (2) beam splitters, 
and (3) sources and transducers. In figure (4.3) a parallel beam of radiation is directed 
from the source to the interferometer, consisting of a beam splitter (B) and two 
mirrors (M1 and M2). It is well known that for monochromatic radiation the 
interference patterns are obtained. 
 The constructive or destructive interference is produced depending on the 
relative path lengths B to M1 and B to M2. When mirror M2 moves smoothly towards 
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or away from B, a detector sees radiation of changing intensity. If white radiation is 
used, the interference patterns are obtained which can be transferred back to the 
original frequency distribution. This can be achieved by a mathematical process 
known as Fourier transform, nowadays, this process is carried out by a computer or 
microprocessor of the spectrometer. Under these conditions, the detector response 
fluctuates at a rate, which depends upon the rate of movement of mirror and the 
wavelength of radiation. In general, any combination of frequencies with 
corresponding amplitudes will produce an interferogram containing all the spectral 
information of the original radiation. The interferogram is the Fourier transform of the 
spectrum and the task of the computer is to apply the inverse Fourier transform. 
 
 
Figure (4.2): Schematic diagram of Michaelson interferometer 
Interferometric or Fourier transform spectroscopy makes use of all the 
frequencies from the source simultaneously, rather than sequentially as in scanning 
instrument. This was first proposed by Fellgett and hence also called as Fellgett 
advantage FTS. The Fellgett advantage is an improvement in signal to noise ratio of 
(M)1/2, where M is the number of resolution elements desired in the particular 
spectrum. It is worth noting that the resolving power of Fourier transform instrument 
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is constant over the entire spectrum, whereas it varies with frequency in the 
conventional technique [7]. Fourier transform spectroscopy is providing simultaneous 
and almost instantaneous recording of whole spectrum in the magnetic resonance, 
microwave and infrared regions. Fourier Transform (FT) Spectroscopy is equally 
applicable to both emission and absorption spectroscopy. 
 
Figure (4.3): The principle of FT-IR (www.emt.uni-linz.ac.at/. ../index_ftir.html) 
 The FT-IR set up has, as noted earlier, design based on Michaelson 
interferometer, which is having mainly three important components: 
(1) A drive mechanism is important for satisfactory interferograms, which needs 
that the speed of the moving mirror be constant and its position be known 
exactly at any instant. The planarity of the mirror must remain constant during 
the entire sweep of 10 cm or more. 
(2) Beam splitters are constructed of transparent materials with refractive indices 
such that approximately 50% of the radiation is transmitted and 50% is 
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reflected. A thin film of germanium or silicon coated on cesium iodide or 
bromide, sodium chloride, or potassium bromide is employed for mid infrared 
region. 
(3) The sources of FT-IR are usually the same as IR ones. Inasmuch as the slow 
response times the thermal transducers are not generally preferred in FT-IR, 
the Triglycine sulphate transducers are widely preferred in the mid frequency 
range. 
 The FT-IR instrument has many advantages. It has better signal to noise ratio 
than good quality dispersive type instrument. Another important advantage is that its 
optics provides a much larger energy throughput (one or two orders of magnitude) 
than the dispersive type, where it is limited by the necessity of having the narrow slit 
widths. The prime advantage of FT-IR is that the interferometer is free from the 
problem of stray radiation because each infrared frequency is chopped at a different 
frequency.  
 There are many applications of FT-IR spectroscopy, which are spectroscopic 
investigations of gaseous mixtures having complex spectra resulting from 
superposition of vibrational and rotational bands as found in atmosphere; study of 
samples with high absorbances; study of the substances with weak absorption bands; 
collecting data from very small samples; investigations requiring fast scanning such 
as kinetic studies or detection of chromatographic effluents and infrared emission 
studies. 
  There are different versions; modifications and attachments are available with 
FT-IR. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) uses 
an effective way of obtaining infrared spectra directly on powdered samples with a 
minimum sample preparation [8-10]. The advantage is that it permits conventional 
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infrared spectral data to be obtained on the samples that are not altered much from 
their original state. Apart from this, the photo-acoustic infrared spectroscopy is 
another popular technique. This technique was introduced in 1970s, which provides a 
mean for obtaining ultraviolet, visible and infrared absorption spectra of solids, 
semisolids, or turbid liquids. This is based on the effect first investigated by 
Alexander Graham Bell in 1880. When a gas in a closed cell is irradiated with a 
chopped beam of radiation of a wavelength that is absorbed by a gas, the absorbed 
radiation causes periodic heating of the gas, which, consequently, gives in regular 
pressure fluctuations in the chamber. This method has been used for detecting the 
components of mixtures separated by thin- layer and high-performance liquid 
chromatography. Most manufacturers offer photo-acoustic cell along with FT-IR as 
the accessories. 
The FT-IR spectra for the present study were taken at Chemistry Department, 
Saurashtra University, Rajkot, on Simadzu 8400 FTIR Spectrometer. The spectra of 
powder samples in KBr medium were recorded in the range from 400cm-1 to   
4000cm-1. 
4.3 FT-IR Spectroscopic Studies of Mn++ and Cu++ Doped CLTT Crystals:       
 Infrared spectroscopy is an excellent technique for both qualitative and 
quantitative analysis [11-13]. FT-IR spectroscopy is the further advancement of IR 
spectroscopy by using the mathematical concept of Fourier Transform through proper 
electronic circuit and computer interfacing. From the earliest days of infrared 
spectroscopy it was observed that functional groups of atoms could be associated with 
definite characteristic absorption bands, i.e., the absorption of infrared radiation over 
certain frequency intervals. The infrared spectrum of any given substance is 
interpreted by the use of the known group frequencies and thus it will be easy to 
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characterize the substance as one containing a given type of group or groups. 
Although group frequencies occur within narrow limits, interference or perturbation 
may cause a shift of the characteristic bands due to (a) the electro negativity of 
neighboring groups or atoms, (b) the spatial geometry of the molecule, or (c) the 
mechanical mixing of vibrational modes.                   
 Functional groups sometimes have more than one characteristic absorption 
band associated with them. On the other hand, two or more functional groups may 
absorb in the same region and hence, in general, can only be distinguished from each 
other by means of other characteristic infrared bands, which occur in non- over 
lapping regions.  
Absorption bands may be considered as having two origins, these being the 
fundamental vibrations of (a) functional groups, e.g. C=O, C=C, C≡N, -CH2-, -CH3-, 
and (b) skeletal groups, i.e. the molecular backbone or skeleton of the molecule e.g., 
C-C-C-C. Absorption bands may also be arise from stretching vibrations, i.e., 
vibrations involving bond-length changes, or deformation vibration, i.e., vibrations 
involving bond-angle changes, of the group. Each of these, in some cases, may be 
considered as arising from symmetric or asymmetric vibrations. 
 For a given functional group, the vibration bands due to stretching occur at 
higher frequencies than those due to deformation. This is because more energy is 
require to stretch the group than to deform it due to the bonding force directly 
opposing the change.  Many workers have studied the IR spectra of different tartrate 
compounds. Bolard [14] obtained the infrared spectra of tartaric acid and some simple 
tartrates. The infrared spectra of gel grown crystals of neodymium tartrate[15] 
praseodymium tartrate[16], gadolinium tartrate [17], zinc tartrate[18], iron (II) 
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tartrate[19] , calcium tartrate[20], urinary calculi and urinary crystals[21] were 
reported. 
FT-IR spectroscopy has been applied for probing the growth of a crystal 
organic template. Directed mineralization of calcite crystals has been probed in situ 
by external reflection absorption FT-IR spectroscopy in an effect to understand the 
dynamics of the organic-inorganic interface during crystal growth. The nucleation 
face type of calcite has been visually identified according to the known crystal 
morphologies and corresponding carbonate stretching and deformation vibration 
bands. Organic template nucleated calcite at (010), (001) and (012) planes have been 
studied by Ahn et al [22]. This suggests novel application of FT-IR spectroscopic 
technique in crystal growth. 
Sheveheko[23] studied the IR spectra of both normal and partially deuterated 
compounds of some tartrates and found absorptions at 600cm-1 and 400cm -1 due to 
COO¯ group in metal tartrates. The formula of metal tartrate was suggested as 
follows. 
                    COO                                                                    
                  HCOH                        M                            
                  HCOH                                                 
                   COOH               
          Moreover, Kirschner and Kiesling[24] studied the infrared spectrum of Cu (II) 
tartrates tri-hydrate. The laser Raman and FT-IR spectra of Rubidium Hydrogen 
Tartrate (RbHT) and Strontium Tartrate Tetrahydrate (SrTT)crystals are  recorded in 
the frequency range 100 to 4000 cm-1 obtained IR spectra and performed normal co-
ordinate calculations of some metal tartrate crystals by S. Selvasekarapandian et 
al[25]. Bhattacharjee et al [26] reported the Raman and FT-IR spectra of K2C4H4O6 
.1/2H2O and NaK C4H4O6. 4H2O crystals[27]. In these crystals, the assignment of the 
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OH stretching frequency of the tartrate ions and that of water molecules is very 
difficult due to their intermix IR spectra and performed normal co-ordinate 
calculations of some metal tartrate crystals. 
FT-IR spectrum of pure calcium tatrate crystals has been reported by Joshi and 
Joshi [20] as well as Shajan and Mahadevan [28]. Recently, FT-IR spectroscopic 
study has been reported in strontium added calcium tatrate crystals [29] also.  
 
       Figure (4.4): FT-IR spectra of Pure, 0.0103% Mn++ and 0.0935% Mn++ doped 
CLTT crystals 
 
In the present study, the FT-IR spectra were recorded on Shimadzu, FT-IR, 
8400 in the 400 cm-1 to 4000 cm-1 range using powdered samples in the KBr medium. 
Figure (4.4a-e) indicates FT-IR spectrum of pure calcium tartrate, 0.0103 % Mn++, 
and 0.0935 % Mn++ doped crystals. Figure (4.5a-e) indicate FT-IR spectrum of 
0.024% Cu++, 0.025% Cu++, 0.047% Cu++, 0.098% Cu++ and 0.111% Cu++ doped 
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CLTT crystals respectively. From these figures it is observed that the absorptions 
occurring between 3100cm-1 to 3300cm-1 are due to the asymmetric and symmetric 
stretching of O-H bond, which is generally indicating the presence of water of 
crystallization. The absorption around 1580 cm-1 is due to carbonyl C=O group. The 
C-O stretching vibrations give rise to absorptions within 1480 cm-1 to 1236 cm-1. The 
absorptions within 1147 cm-1 to 1010 cm-1 are due to out of plane O-H deformation 
and C-O stretching. The absorptions situated below 921 cm-1 are due to calcium –
oxygen-stretching vibrations. The effect of doping of Mn++ or Cu++ on CLTT crystals 
cannot be marked clearly from FT-IR spectra. However, the presence of O-H bond, C-
O bond, C=O, water of hydration and calcium -oxygen bond are established from the 
spectra.  
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Figure (4.5a): FT-IR spectra of 0.024% Cu++ doped CLTT crystal 
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Figure (4.5b): FT-IR spectra of 0.025% Cu++ doped CLTT crystal 
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Figure (4.5c): FT-IR spectra of 0.047% Cu++ doped CLTT crystal 
 
0.0
20.0
40.0
60.0
80.0
100.0
%T
500.0750.01000.01250.01500.01750.02000.03250.0
1/cmcu5
 414.7
 447.5
 493.7
 534.2 711.7
 815.8
 921.9
 962.4
1010.6
1060.8
1147.6
1236.3
1282.6
1330.8
1384.8
1488.9
1583.4
2339.5
2488.0
2594.12895.0
2987.53276.8
 
Figure (4.5d): FT-IR spectra of 0.098% Cu++ doped CLTT crystal 
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Figure (4. 5e): FT-IR spectra of 0.111% Cu++ doped CLTT crystal 
 
 
 
4.4 Electron Paramagnetic Resonance (EPR) Spectroscopy:  
 Electron Paramagnetic Resonance (EPR) or Electron Spin Resonance (ESR) 
was discovered by Zavoiskii (1934) [30] in MnSO4 using 47.6 Gauss d.c. magnetic 
field and a 133 MHz r.f. magnetic field, which was an extension of the  original Stern-
Gerlach experiment. Meanwhile Rabi [31-32] had also performed the nuclear Zeeman 
effect experiment using a radio frequency electromagnetic field perpendicular to a 
homogeneous d.c. magnetic field. Theoretically speaking, the possibility of quantum 
transitions between magnetic sub-levels of atoms under the influence of an external 
magnetic field was suggested by Einstein and Ehrenfest [33]. 
 In EPR the radiation of microwave frequency induces transition between 
magnetic energy levels of electron with unpaired spins. The magnetic energy splitting 
is created by a static magnetic field.  
Electron Spin Resonance, ESR, is a powerful non-destructive and non-
intrusive analytical method. EPR yields meaningful structural information even from 
ongoing chemical or physical processes, without influencing the process itself. It is 
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the ideal technique to complement other analytical methods in a wide range of 
application areas. One can perform studies related to molecular structure, crystal 
structure, reaction kinetics, valence electron wave functions, molecular motion, 
relaxation properties, electron transport, crystal / ligand fields, reaction mechanisms 
etc [34]. 
For EPR studies, materials may be mono-crystalline, microcrystalline or 
glassy and give spectra according to their nature, which may be rich and well resolved 
or poorly resolved. The EPR technique has been employed for spin identification, spin 
counting spin mapping, spin motion and spin imaging of a variety of advanced 
materials, transition metals, rare- earth and actinide compounds, organic charge 
transfer complexes, etc. This technique has proved to be specific, sensitive up to ppm 
level of composition, phase and texture, accurate as a quantitative and non-destructive 
tool. Another important use of EPR technique may be in spin labeling in biological 
materials such as iron-sulphur containing proteins, which has been reviewed by 
Sunandana [35]. 
Quantum mechanically, the phenomenon of electron paramagnetic resonance 
is described as the magnetic dipole transitions brought about by the interaction of the 
magnetic field of the microwave radiation with a magnetic moment in the absorbing 
system.  Quantum mechanics supports in landing at the probability of these transitions 
and shows that this probability has a sharp maximum when ω = 2 µBH0/ħ, where µB is 
the Bohr magnetron. In other wards, ω is ω0, the Larmor frequency, so that the 
probability for the absorption of microwave power by the system is maximum, when 
H1 is rotating at the Larmor frequency. The resonance condition can be arrived by 
considering the allowed energies of the electron magnetic dipole µ [µ= γ ħ S (S+1) 
1/2] in the field H0 using the energy operator. H = - µ H0  = γ ħ S H0, where γ is 
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magnetogyric ratio, by taking H0 along +z axis the allowed energies are EM = γ ħ 
H0MS, where the quantum number MS specifies the allowed values of the z-
components of S for example –S, -S+1, -----S-1, S. For S = ½, MS = ±½ and the 
allowed energies are E = ±½ = ± γC ħ H0. Transition between these levels caused by 
magnetic dipole radiation require that ∆MS = ±1. It is important to note that in the 
resonance condition the energy quantum ħω of H1 must satisfy is  
ħω = E ± ½ - E - ½ = γC ħ H0 
The basic gyro magnetic ratio for the free electron is γ  = 2π (28.0246 GHz/T) 
 The resonance phenomenon can be understood with the help of schematic 
diagram of figure (4.6). In this diagram, Larmor precession of an electron spin (S= ½) 
magnetic moment (µ) in an applied magnetic field H0 with a frequency ω0 = γH0 
along z-axis is shown. An oscillatory magnetic field H1 (<< H0) at microwave 
frequency applied normal to H0 ‘tips’ the moment and changes the sense of precession 
ω0=γH0 and cause electron spin/paramagnetic resonance absorption, depicted as the 
‘cone inversion’ through the origin [35]. 
Figure (4.7) explains the basic principle of EPR with energy level diagram. 
The imposition of an external static magnetic field H0 establishes two energy levels. 
The difference in energy between the two levels is given by ∆E = µe H0/MS = hν, 
where µe is the electron magnetic moment and MS is the angular momentum quantum 
number which can have values of + ½ or -½. 
The SI unit of field strength is W/m2 or Tesla. If the magnetic field is 
expressed in terms of kilo Gauss, (kgG), the resonance frequency for transition from 
one spin state to the other for a free electron is given by ν = 2803 × H0 MHz. At room 
temperature for free electrons, the relative ratio of the population of upper to lower 
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energy levels is nearly 0.998, which is much greater than what is obtained in NMR. In 
NMR this ratio is 0.9999904. This is responsible for giving EPR or ESR its superior 
sensitivity to NMR. Even greater sensitivity can be obtained by working at low 
temperatures up to liquid helium temperature for solid samples. 
 
Figure (4.6): Larmor precession of an electron spin (s=1/2) magnetic moment µ in an 
applied magnetic field Ho with frequency ω0= γ Ho along z-axis  
 
Figure (4.7) ESR transition for system with spin 1/2 
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  The essential features of any ESR spectrometer are (1) a source of microwave 
radiation of constant frequency and variable amplitude, (2) a means of applying the 
microwave power to the paramagnetic samples, (3) a means of measuring the power 
absorbed from the microwave field, and (4) a homogeneous but variable magnetic 
field. The most spectrometers use radiation of frequency about 9000 MHz or 3.0 cm 
wavelength, which corresponds to the microwave X-band (3.2cm) and magnetic field 
needed for samples with g =2 is about 3300 Gauss. The usual source of radiation of 
this frequency is Klystron oscillator delivering 32300 mW of output power. The 
energy is transmitted by a wave-guide having rectangular copper or brass tubing of 
dimensions appropriate to the wavelength of the radiation. Attenuators, phase-shifters 
and other components control the power level, phase and direction of the radiation. 
The sample is placed inside a resonant cavity, which is a blanked-off section of wave-
guide with a small hole in each end wall to transmit power in and out. The aim of the 
cavity is to concentrate energy on to the sample, by multiple reflection of the traveling 
microwave from two ends of walls. Generally, detection is done by a semiconducting 
crystals detector, which works as a rectifier by converting the microwave power into 
direct current. The steady field is usually produced by an electromagnet. The 
important thing is that the sample, wave-guide and magnet must be arranged in such a 
way that the steady field H0 and oscillating field of microwave radiation (2H1cos ωt) 
is mutually perpendicular. 
 The absorption of energy by the paramagnetic sample may be seen by direct 
observation of the crystal current while slowly varying the field. As the field 
approaches the resonance, power is absorbed by the sample so that the power 
transmitted through the cavity to the crystal is reduced. However, a modification is 
made by applying 50 Hz modulating signal to the coils of electromagnet so that the 
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field varies sinusoidally. The crystal current will vary in the same way and can be 
amplified by means of a wide band a.c. amplifier and displayed on an oscilloscope 
with a time base of 50 Hz. Many times, modified versions of EPR can be used for the 
shorter wavelength radiation of Q-band (~8mm) and K-band [36].  
The ESR spectrum is generally a plot of the first derivative of imaginary part 
of the complex magnetic susceptibility of the paramagnetic system with respect to the 
applied d.c. magnetic field. The spectrum may consist of a single line or a group of 
lines, which could vary with change in temperature or orientation of the specimen 
relative to the magnetic field. Four basic quantities are mainly derivable from the 
spectrum; (1) g-factor or g-tensor, (2) hyperfine splitting parameter or   A-tensor, (3) 
line shape and line width, and (4) double integrated intensity. The analysis of these 
four quantities may reveal the information about the systems such as, the nature of the 
paramagnetic center or complex (electron or hole type), the precise identity of the 
complex or center in terms of its nearest neighbors and symmetry, the distribution of 
unpaired spin density over the neighbors and number of paramagnetic centers per unit 
volume means the bulk paramagnetic susceptibility of sample [35].  
  The applications of EPR are numerous. The structural information was 
obtained from F-centers in alkali halides. The donor atoms (P, As and Sb) in silicon in 
which motional narrowing and delocalization of donor electron wave functions were 
observed, which paved the way for the discovery of electron-nuclear double resonance-
ENDOR, in phosphorus doped silicon. This has been applied to the elucidation of 
defects in amorphous semiconductors. An investigation of permeability of 
ferromagnetic metals Fe, Co and Ni lead to the discovery of ferromagnetic resonance. 
An examination of free radicals in leaves, seeds and tissue preparation gave the 
biological application of EPR. Following the discovery of NMR imaging the EPR 
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imaging and microscopy was also developed [37-38]. As EPR microscopic technique is 
useful not only to chemist but also to physicists, biologists, material scientists and 
engineers. There are numerous books written by different authors [36,39-45] and 
monograph [38,46] and review articles [35].  
 The EPR study was carried out in X-band (8.5 to 9.5 GHz) at room 
temperature by using VARIAN E112 ESR spectrometer, at R.S. I.C., I.I.T., Mumbai, 
India, with sensitivity of 5x1010 spins. The choice of modulation frequency is 100 
KHz to 35 Hz. This permits observation of spectra with widths down to 18 mG 
without line broadening.  
Spectra can be recorded at ambient temperature, liquid nitrogen temperature 
and most of the temperatures between liquid nitrogen temperature and 300° C. 
 Experiments can be carried out with samples in liquid, solid or gaseous form, 
which includes single crystals, metal, alloys, liquid crystals, organic radicals, 
polymers, glasses, powders, triplets, polyradicals, conduction electrons, drugs, rare-
earths, enzymes, proteins and gases. 
4.5 The Electron Paramagnetic Resonance Spectroscopic Studies of Mn++ and 
Cu++ Doped CLTT Crystals: 
  Four basic quantities are generally obtained from the spectrum, which are (1) 
g-factor or g-tensor, (2) Hyperfine splitting parameter or A- tensor, (3) Line shape and 
line width, and (4) Double- integrated intensity [35].  These are briefly explained 
hereby. 
(1) The g-factor:  
Considering the simplest case of a free spin system S = ½ with a single 
ine spectrum due to the transition from Ms = - ½ to Ms = ½ for the resonance 
condition hν = gµBHr, (where h is the Plank’s constant and µB is the Bohr-
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magnetone). If frequency ν is accurately known and Hr is measured accurately 
from the spectrum, the value of g can be accurately calculated. It is possible to 
determine g-factor using standard sample along with the test sample. Usually 
in experiments the value of g-factor is neither found 2.0023 as that of free 
electron value nor it remains constant with sample rotation within the 
magnetic field. The anisotropic g, particularly, in materials with transition 
metal ions as impurities, arises from the coupling of orbital angular 
momentum to the spin angular momentum via spin-orbital interaction. The 
electron Zeeman interaction responsible for EPR spectrum is represented as 
the spin Hemiltonian     HZ = µBŜğĤ, where ğ is a second rank symmetric 
tensor and Ŝ the effective spin operator with reference to a Cartesian 
coordinate frame x, y, z in which the electron magnetization is parallel to the 
applied magnetic field when the latter has components along x, y and z, HZ 
becomes     HZ = µB( gXXSXXHX + gYYSYYHY + gZZSZZHZ ).  
A study of a mono-crystalline material or a glassy material is aimed at 
obtaining gXX, gYY, gZZ, and their direction cosines with respect to x, y and z 
through angular variation of EPR spectrum or computer simulation observed 
spectrum. 
  (2) The Hyperfine Coupling Constant:  
As the quantization of electron spin produces the simple EPR 
spectrum, similarly the quantization of the nuclear spin (I, (2I+1)mI) of the 
magnetic nucleus associated with the unpaired ( S = ½, I = ½) electron gives 
rise to additional splitting of levels ( ∆ms = ±1, ∆mI  =  0) due to the 
interaction between the electronic magnetic dipole and nuclear magnetic 
dipole.In terms of the spin operators S and I, Hhf = S.A.I, where A is a 
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symmetric second rank tensor like g. In a Cartesian reference frame x, y, z, 
where A is diagonal, Hhf = AxxSxIx+AyySyIy+AzzSzIz In a majority of cases, 
however, the A-tensor is axially symmetric, so that, Hhf (axial) = µ║SzIz + 
A⊥(SxIX + SYIY), where z-axis being the axis of symmetry of the complex 
containing the unpaired electron. The A-tensor provides information on (1) 
isotropic contribution (AISO) due to s-electron density at the magnetic nucleus 
and (2) the anisotropic contribution due to the spin and orbital dipole-dipole 
interaction with the nuclei.   
(3) Line Shape and Line Width:  
The shape of an EPR absorption or first derivative signal depends on 
the nature of the unpaired electron and its immediate neighborhood with 
which it interacts electro-statically and electro-magnetically. The strength and 
nature of these interactions also give the EPR signal a nonzero line-width. 
Interestingly, the uncertainty relation ∆E*∆t ≥ ħ is an important factor for the 
line broadening, particularly, in transition metal ion ESR. 
(4) The Integrated Intensity of the ESR Spectrum:   
Whether the intensity of the ESR spectrum was recorded in the 
absorption mode or the double integrated intensity of the ESR spectrum 
recorded in the first derivative mode, but it is proportional to the density of 
paramagnetic centers in the sample and to the net paramagnetic susceptibility 
of the sample. By assuming that (1) ESR line shape is Lorentzian, (2) the 
Curie law (χ ∝ 1/T) is applicable, (3) the microwave power applied to the 
sample does not saturate the resonance and (4) the signal-to-noise ratio of the 
ESR cavity is unity, the ESR detection sensitivity is minimum or the minimum 
number of paramagnetic centers are detectable in ESR. 
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4.5.1 The ESR of Transition Metal Ions:   
            In the present investigation, transition metal ions, viz. Mn++ and Cu++ are 
doped in CLTT crystals. These ions give their characteristic ESR spectra. Here, ESR 
spectra of transition metal ions are discussed briefly. 
When an ion possesses an unfilled inner electronic shell, Hund’s rule of 
maximum spin multiplicity ensures that in the free state it will be paramagnetic. Thus, 
the ions of the iron, palladium and platinum transition series with unfilled 3d, 4d and 
5d shells respectively exhibit paramagnetism, as do the ions of the rare earths (4f shell 
incomplete) and the actinides (5f shell incomplete). These groups account for more 
than half the elements of the periodic table and one would suppose that the number of 
compounds, which would also show ESR absorption, would be very large indeed.
 Although ESR absorption has been shown to occur for most of the ions in 
these categories, the conditions under which such observations can be made are in 
many cases highly restrictive. It is, in fact, exceptional to observe ESR absorption in a 
pure powdered sample of a salt at room temperature or in solution. In many cases, it is 
necessary to dilute the paramagnetic material by incorporating it in an isomorphous 
diamagnetic single crystal and even then it may be necessary to reduce the 
temperature to as low as 4 K to achieve success.     
  The dilution of the paramagnetic salt in a single crystal is generally necessary 
in order to reduce the line broadening caused by neighboring dipoles. Dilution by a 
factor of 50 to 500 is usually sufficient to reach the stage where the line width is 
primarily caused by spin-lattice interaction, g- anisotropy and unresolved interaction 
with nuclei in the ligands. Spin lattice broadening can be reduced only by reducing 
the temperature so that studies at 4 K or below are mandatory for a large number of 
ions with very short relaxation times. The effect of g-anisotropy is diminished by 
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employing lower microwave frequencies, but as most spectrometers operate at a 
single frequency no advantage can be obtained in this way in practice [36].                 
 The first essential thing is in establishing the nature of any ESR absorption by 
the determination of the ground state electronic configuration of the ion in its 
crystalline environment in the solid-state or in the local “ micro-crystal” in solution. 
This ground state configuration is determined by interplay of the electric field within 
the crystal and the coupling forces between the spin and orbital angular momentum 
within the ion. These, in tern, define the magnitude of the splitting, if any, of the 
ground state level by an external magnetic field and also the extent of interaction 
between the electrons spins in the lattice. These are properties of a particular ion in a 
particular environment and it follows that the g-factors, nuclear hyperfine splitting, 
relaxation times, etc. are characteristics of the ion in its particular environment and 
will not have any more general validity. Moreover, the crystal fields of the same 
symmetry will split the orbital levels in the same general manner, though their 
separation may vary widely. Therefore, the magnitude of the contribution will vary 
from crystal to crystal. This will be reflected by changes in the observed g-factors. 
Making further generalization, because interaction between the ion and lattice takes 
place via the orbital momentum of the electron, the ions in S-states will be relatively 
much less sensitive to the changes in the environment and are expected to have 
isotropic g-factor, which goes to the free spin value (g=2.0023). The interpretation of 
measured g-factor hyperfine splitting and line width, conversely, will enable us to 
build up a picture of the orbital involvement in determining the ground state of the 
paramagnetic ion in its crystalline environment. Interpretations of such data, when 
combined with observation of absorptions spectra and others, have proved to be 
important in the study of the transition metal compounds. 
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The ESR spectrum of transition metal ion and complexes can be characterized  
By considering following points [39]. 
           (1) The Ligand –field Splitting: 
       The ligands are usually negative ions or neutral molecules with a lone 
pair of electrons, for example, I¯, Cl¯, F¯, H2O NH3, NO2¯, CN¯. There are 
also double-ended chelating ligands like ethylene diamine and 
acetyleacetonate ion.  
 
                     
They attache themselves to the metal ion in two places so that three 
ligands form an approximately octahedral complex. The ligands affect the d-
electrons in two distinct ways, (i) through the electrostatic field of the negative 
charges and (ii) by covalent bonding with the ligand orbital. Both of these 
effects change the energies of the d-orbitals.  
(2) Regular and Distorted Complexes:  
 The ligands considerably distort the atomic orbital of the metal ion and 
their energies change in complicated ways. However, the most important point 
is to differentiate which orbitals remain degenerate and which do not on 
splitting by ligands. The degeneracy is completely determined by symmetry of 
the atomic orbital and the complexes. The dXY, dYZ, dXZ orbitals must be 
degenerate in a regular octahedral or tetrahedral environment, while dXZ and 
dYZ remain degenerate in a square planar complex. 
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(3) The Zero Field Splitting of Triplet State:  
The general features of the ESR spectra of transition metal ions with 
triplet ground states are similar to those for organic triplets. The spectra are 
interpreted in terms of spin Hamiltonian H =β H.g.Ŝ + D (Ŝ2z – (1/3)s(s+1) +E 
(Ŝ2x - Ŝ2y) with additional terms involving nuclear spin, if necessary. The 
mechanism of the zero field splitting in organic molecules involves the dipolar 
interaction of the electron spins; in contrast, the zero field splitting in metal 
ions usually arises because of spin orbital coupling. 
(4) Hyperfine Splitting from the Metal Nucleus:  
Many of 3d transition metal atoms have magnetic nuclei and the metal 
hyperfine structure is often observed. A nucleus with spin I has 2I+1 allowed 
orientations with respect to the direction of an applied field so that the 
hyperfine multiple consists of 2I+1 equally intense, equally spaced lines. 
Copper has two natural isotopes, that is Cu63, Cu65, having identical nuclear 
magnetic moment spin I = 3/2, so that a single multiple of four lines is usually 
observed. 
(5) Covalent Bonding and Ligand Hyperfine Structure:   
In addition to metal hyperfine structure, many complexes show extra 
splitting from the ligand nuclei. This is partly due to covalent bonding 
between the central atom d-electron and the ligand orbitals. The ligands can 
form both σ and π bonds and the type of bonding is severely limited by the 
symmetry requirements.  
(6) Electron Exchange Coupling:  
There is a need to study magnetically dilute crystal if narrow resonance 
lines are to be observed. A diamagnetic compound, which forms large single 
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crystals and has a similar crystal structure, can be used. Metal ions can be 
introduced into single crystal of MgO, Al2O3, CaF2, etc. Also, paramagnetic 
ions are introduced in the host lattice at a low concentration of 1 in 1000. 
There are two reasons to study magnetically dilute crystals: (i) It is necessary 
to reduce the dipole- dipole coupling between the magnetic moments of 
different paramagnetic complexes, which may give resolvable line splitting 
but more often produces broadening so that details are lost. (ii) In the 
magnetically concentrated crystals this effect is quite different and much more 
important. 
  The theoretical treatment of splitting of Cu++ energy levels follow the same 
rules as that of the Ti3+ ion because Cu++ with nine d-electrons can be considered as 
3d9 ion with a positive vacancy. Octahedral field leaves the lower orbital as a non-
magnetic doublet. A rhombic or tetragonal field splits this orbital doublet into two 
Kramer’s doublets, but a trigonal field has no effect. In this case the degeneracy is 
removed by the Jahn-Teller effect or by spin orbit coupling. In either event the 
separation of orbital levels is very large   (~ 10+4 cm-1). So narrow lines are expected 
at room temperature and g-factors go to 2.0. Because of the precession with which g-
factors and line separation can be measured the Cu2+ salts have provided materials for 
many important theoretical studies.  
The various aspects of ESR spectroscopy have been narrated by various 
authors in detail [40].  Horvath et al.[47]  first reported the gamma irradiated oxalate 
and oxalate salts and found the first radical to be the oxalate (RCHOH) with               
g = 2.0036 and second radical to CO2¯  with g = 1.9999.  The ESR investigation of 
gamma irradiated single crystals of CdC2O4. 3H2O was studied by Koksal and Yüksel 
[48] and average of g factor was found to be 2.01244. The ESR investigations of 
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gamma irradiated (NH4)2C2O4.H2O and K2C2O4.H2O single crystals were also carried 
out by Tezel et al [49]. Recently, Suryanarayana and Dharmaprakash [50] have 
reported ESR in x-irradiated Ca0.8 Ba0.2 C4H4O6.4H2O single crystals. The ESR 
spectra of X-irradiated compounds of tartaric acid can be explained on the basis of 
tartrate radical. Since the symmetries of the two inner carbons are generally different 
in the radicals [51-53] it is important to know which one of the bonds between 
asymmetric carbon and proton is broken. The g-factor of the radicals was found to be 
almost isotropic in calcium tartrate crystals. The g-factor values measured relative to 
that of DPPH for some orientations were found to vary.  When H is in bc plane the g-
factor varies from 2.0010 to 2.0046, in ca plane the variation of g-value is from 
2.0010 to 2.0026 and if H is in ab plane it varies from 2.0026 to 2.0044. This shows 
that g is highly anisotropic in bc plane, whereas, in ac and ab plane it is slightly 
anisotropic. However, the authors suggest that there is no much difference in the 
arrangement of tartrate molecule of calcium barium tartrate and that of calcium 
tartrate tetra hydrate. The slight variation in the maximum hyperfine splitting may be 
due to small variation in the inter-atomic distance between the site of unpaired 
electron and H(1). They also found that the g-factor and hyperfine splitting of calcium 
barium tartrate crystals were independent of temperature. A single crystal X-band 
study at room temperature of γ-irradiated lithium ammonium hydrogen citrate has 
revealed the existence of three paramagnetic species formed from the parent hydrogen 
citrate ion. Contrary to normal expectation, the EPR analysis showed that one of the 
radicals was a σ radical species with most of the unpaired electron density located in 
the COO plane [54]. 
The phase transition can be detected by application of EPR spectroscopy. 
Aqueous sucrose solution is known to exhibit second order phase transition to a 
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glassy phase below 273°K. This has been studied by using dissolved Cu2+ ion in 
sucrose water system, which forms hydrated [C4 (H2O) 6] 1+ ion in solution [55]. The 
EPR investigation Cu2+doped (NH4)4 P4F6 has revealed existence of structural phase 
transition in the sub room temperature region [56]. The EPR technique has been used 
for low temperature as well as high temperature phase transitions in lanthanide hexa 
antipyrene tri-iodide single crystals [57]. Also, the phase transitions in Cu2+ doped 
(NH4)4 ThF8 and (NH4)3ThF7 have been studied by EPR spectroscopy [58]. Single 
crystal EPR studies of NH4H2PO4 using Cu2+ and Mn2+ probes in X-band are reported 
[59]. The same authors have detected the tetragonal pyroelectric to antiferroelectric 
orthorhombic phase transition at 148˚ K.         
The Cu (II) is a transition metal ion that readily forms stable complexes. It has 
a very simple electronic configuration in which one electron is missing from the 
complete d-shell. Therefore, the system can be considered equivalent to a single 
positive charge in the 3d-shell. It is very convenient for checking some of the basic 
idea of the crystal field theory in naturally occurring minerals and single crystals. 
Also, the Cu (II) ion being a d9 system is prone to Jahn-Teller distortion, 
consequently, and EPR study of this ion will give information about the type of 
distortion. Vedanand et al [60] have applied EPR studies to natural aurichalcite 
minerals (Zn, Cu, (CO3) (OH) 2). Many minerals containing copper and chromium 
have been studied by EPR [61-62].  Recently, Reddy et al. [63] have reported EPR 
studies of powder samples of Vauquelinite (a mineral) and confirmed the presence of 
Cu (II) and Fe (II) impurities.  
 The ESR and optical absorption of Cu (II) ions in single crystal, strontium 
acetate tetrahydrate [64], the ESR studies of Mn2+ in K2Cd(SeO4)2. 2H2O single 
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crystals [55] , the ESR resonance of Mn2+ in Co2M(SO4)2.6H2O ( M = Zn, Mg, Co, 
Ni) single crystals [56] have been reported. 
 The applications of EPR spectroscopy are available in medical field also. 
Anisotropy effects of EPR signals and the mechanism of mass transfer in tooth 
enamel and bones have been studied [57]. Also, investigations have been made to 
develop ammonium tartrate as an ESR dosimeter material for clinical purpose [58]  
 Pure and venadyl doped single crystals of strontium tartrate tetrahydrate have 
been characterized by EPR spectroscopic technique. The angular variation has shown 
that Vo+2 ions as a fixed orientation in the lattice. The g and A tensors and their 
direction cosines were evaluated from the EPR analysis. The EPR and electronic 
spectral results have shown that the Vo+2 ion occupies the interstitial site having C4v 
symmetry. Suzuki et al [59] reported the ESR spectra of Cu 2+ doped sodium 
ammonium tartrate. Ablov et al. [65] have carried out EPR and magnetic 
susceptibility of the copper compound of d-tartaric acid. The EPR spectra are 
examined at 1:1 complexes of copper with mesoactive and recemic tartaric acid in 
acidic (pH about 4) and basic (pH about 11) solutions at 80ºK and 300ºK by Dennis 
[66]. When the compound Na2Cu-dl-C4O6H2.5H2O is isolated as a pure single crystal 
and dissolved in a solvant, the principal Cu species is a binuclear anion having a 
structure similar to that of binuclear vanadyl-dl-tartrate. Under the imperfect 
assumption of axial symmetry, the relevant EPR parameters of Cu2 (dl-tartrate)24- 
species in solution are g|| =2.224, g =2.139, g⊥=2.08,    A = 0.0082, a = 0.0031 and D 
= 0.057±0.001 as derived from the modulus (∆Ms = 2 lines). The A and a being the 
nuclear hyperfine splitting exhibited by the full field parallel and room temperature 
solution lines, respective from the zero field parameter, D and molecular models the 
Cu-Cu distance is estimated as about 3.5 Å. The author has given the interpretation of 
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the EPR spectra of the other complexes which are less definitive but suggest that the 
meso and d-tartrate complexes in alkaline solution and meso tartrate complexes in 
acidic solution exists primarily as magnetically diluted species. Also, the dl- and d-
tartrate complexes from apparently identical species in acid solution and appear to be 
polymeric [66]. 
The EPR technique is employed to study paramagnetic ions in host crystals 
such as probes. This kind of studies gives very important information about site 
symmetry of the transition metal ion [67]. Sarcosine complexes are having 
ferroelectric property therefore, the EPR study is conducted on Cu(II) doped 
Sarcosine cadmium  bromide single crystals to investigate the influence of host lattice 
in the interstitial dopant site [68]. The authors observed that impurity ions occupied 
the interstitial position in the crystal lattice and the crystalline field around the Cu(II) 
ion was in the rhombic symmetry. A stong interaction between Cu(II) and nitrogen 
ligand was observed.                                                                                         
Recently Dabhi [69] have characterized copper levo tartrate and copper dextro 
tartrate crystals by EPR in Q-band and X- band regions at room temperature. In the X-
band region the samples were characterized at liquid nitrogen temperature. At room 
temerature, the EPR spectra exhibited isotropic behaviour without any hyperfine 
splitting due to purity of the sample instead of doping in diamagnetic matrix for 
obtaining hyperfine splitting. However, at liquid nitrogen temperature, the value of g⊥ 
for copper levo tartrate was much less than that of the copper dextro tartrate indicating 
some phases transitions. While, the g⊥ values were quite comparable at room 
temperatures for both tartrates. 
Earlier, Wakim et al. [70] have studied EPR of Mn++ in CLTT crystals with 
respect to rotation about the orthorhombic axis. As the tartrate radicals occur with 
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various screw symmetry characteristics, the complexity of the observed spectra was 
related to a mixture of screw symmetry occurring in the natural tartaric acid used in 
the preparation. Lau and Lin [71] conjectured on the basis of coordination 
dodecahedron of calcium in calcium tartrate  that Mn++ enters into an interstitial site 
with O3C, O4C, O10C, O7C, and O1C as six coordinated oxygen atoms. The first 
two of these are oxygen atoms of the hydroxyl groups. The protons of these two 
hydroxyl groups could be the ones, which set free in the process of doping. It is found 
that the Mn++ position at the interstitial sites. Dabhi [69] has noted earlier in his study 
of copper dextro and levo tartate crystals that the hyperfine splitting was not observed 
because pure powdered samples were used instead of doping in diamagnetic matrix of 
single crystals or dissolving in a suitable solution. Also, the symmetry of complex in 
solid state was expected to be affecting this. Very few complexes in the solid-state 
have regular symmetry and classification into octahedral, tetrahedral, square planner 
etc. is only approximate. In EPR investigations it is convenient to classify the 
complex according to the nearest regular symmetry group and then to improve the 
description by introducing an appropriate distortion. As a result of this distortion a 
degeneracy of d-orbital is further removed. Moreover, the inner symmetry of two 
carbons in the tartrate radical is different and therefore might be influencing the 
hyperfine splitting in the Q-band at liquid nitrogen temperature, for both copper 
dextro tartrate and copper levo tartrate. This study further suggested a need to carry 
forward the EPR spectroscopic characterization on copper (II) doped in any suitable 
tartrate single crystals. Hence the present author has carried out this work by doping 
manganese and copper ions in calcium tartrate tetra hydrate crystals.  
In the present investigation, calcium tartrate crystals have been grown by the 
gel technique by doping them with Mn++ and Cu++ in different amounts as already 
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mentioned in Chapter-II. An attempt is made by the present author to investigate these 
doped crystals by EPR spectroscopy to find out the effect of doping of Mn++ and Cu++ 
in CLTT crystals.   
The EPR spectroscopic study of Mn++ doped calcium levo tartrate tetrahydrate 
single was carried out on the single crystals of the type of morphology shown in 
figure (4.9). The field was applied perpendicular and parallel to {110} face of the 
crystals. The EPR spectra were recorded in X-band (8.5 to 9.5GHz) at room 
temperature by using VARIAN E-112 ESR spectrometer at R.S.I.C., I.I.T., Mumbai, 
India. The crystals were rotated and the spectra were recorded perpendicular and 
parallel to the {110} face with the help of a suitable goniometer using TCNE as a 
marker. 
 
Figure (4.9): Morphology of CLTT crystal 
The EPR spectra of Mn++ doped CLTT single crystals exhibit hyperfine 
splitting in form of five regions of each block containing six lines. The EPR -spectra 
of 0.01 % Mn++, 0.018 % Mn++, 0.03 % Mn++, 0.069 % Mn++ and 0.093 % Mn++ 
doped CLTT single crystals recorded perpendicular and parallel to {110} face are 
shown in figure (4.10 a-j) respectively. The EPR parameters g ||, g⊥, A ||, A⊥, D|| and D⊥ 
are calculated from the spectra and listed in table (4.3). One can notice easily from the 
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table that as the concentration of doping increases, no systematic variations in various 
EPR parameters are found.   
 
Figure (4.10a) EPR of 0.01% Mn++ doped ⊥ to {110} face CLTT crystal 
 
 
Figure (4.10b) EPR of 0.01% Mn++ doped II to {110} face CLTT crystal 
 
 
Figure (4.10c) EPR of 0.018% Mn++ doped ⊥ to {110} face CLTT crystal 
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Figure (4.10d) EPR of 0.018% Mn++ doped II to {110} face CLTT crystal 
 
 
Figure (4.10e) EPR of 0.030% Mn++ doped ⊥ to {110} face CLTT crystal 
 
 
Figure (4.10f) EPR of 0.030% Mn++ doped II to {110} face CLTT crystal 
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Figure (4.10g) EPR of 0.069% Mn++ doped II to {110} face CLTT crystal 
 
 
Figure (4.10h) EPR of 0.069% Mn++ doped ⊥ to {110} face CLTT crystal 
 
Figure (4.10i) EPR of 0.093% Mn++ doped ⊥ to {110} face CLTT crystal 
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Figure (4.10j) EPR of 0.093% Mn++ doped II to {110} face CLTT crystal 
 
Table (4.3) EPR Parameters of Mn++ doped CLTT crystals 
Samples A⊥ A || g⊥ g || D⊥ D || 
0.0103 % Mn++ 
doped CLTT 
96 97.5 2.029355 1.97331 201.25 301.25 
0.0176 % Mn++ 
doped CLTT 
96.25 94.99 2.044639 1.9779 300.62 207.5 
0.0301 % Mn++ 
doped CLTT 
98.12 91 2.085278 1.96759 294 190.62 
0.0696 % Mn++ 
doped CLTT 
92.5 95.66 2.03057 1.98195 295 203.12 
0.0935 % Mn++ 
doped CLTT 
95.33 92 2.057307 1.9977 285.25 151.875
 
Mn++ is a d5 ion having a total electron spin S = 5/2 in its ground state as 
required by the Hund’s rule of maximum multiplicity. The ground term of this ion is 
6S5/2. This term split up, due to zero field, into three Kramer’s doublets e.g., ±5/2, 
±3/2, ±1/2.This degeneracy is lifted by the magnetic field as used in EPR experiment 
giving six energy levels with spin –5/2, -3/2, -1/2, +1/2, +3/2, +5/2 in increasing 
order. Each of these energy levels is further split into six equally spaced levels by the 
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interaction of these spins with the nuclear spin, which for Mn++ is I=5/2 and hence the 
number of levels (2I+1) gives six lines. Therefore, the energy level diagram with total 
thirty levels is obtained in the presence of an applied magnetic field and for 
microwave absorption signals to be observed two selection rules are obeyed Viz., ∆S= 
+1, and ∆MI = o. These results in five regions of spectral absorption each block 
containing six lines [40].  
From the spectra of figure (4.10a-j) it is found that there are two different 
phases of Mn++ tartrate complexes present in the crystal. This corresponds to the 
results of Jain and Venkateswaralu [72]. The EPR spectrum of phase one is well 
spread out while that of the other is found to be located in close signals with a small 
spread in the middle of the spectra. 
The EPR study of gel grown copper doped calcium tartrate was reported by 
Bohandy and Murphy [73]. Room temperature ESR spectra of single crystal of Cu+2 
doped calcium tartrate exhibited many similarities with Cu+2 doped strontium tartrate 
crystals [74]. Four nonequivalent sites for C ion and the same symmetry directions 
and planes were present. In order to bypass the multiple site problem, the authors [73] 
obtained the spin-Hamiltonian parameters from powdered samples. The Spin-
Hamiltonian parameters are listed as follows, 
 gzz      2.061 ± 0.002 
 gyy         2.111 ± 0.002 
 gxx          2.406 ± 0.001 
 Axx         23G ± 2G 
 Ayy           21 G ± 2G 
 Azz       107 G ± 1G 
The authors also observed a second Cu+2 resonance with slightly different 
temperature – independent hyperfine splitting in calcium tatrtate. Dehydration effects 
                                                                                                                Chapter IV… 
 
 
 
                                                 The FT-IR & EPR Study of Mn++ & Cu++ doped CLTT Crystals 
119
indicate that the Cu+2 hyperfine splitting may depend on the number of H2O 
molecules near the ions.                               
In the present investigation, powered samples of Cu++ doped CLTT were used 
to record ESR spectra on VARIAN, E-112 ESR spectrometer using TCNE as a 
marker. This is convenient due to large g-value anisotropy. The resulting spectra 
consist of four equally spaced lines as shown in figure (4.11a-b), which are due to 
Cu++ is having I=3/2 and hence the number of levels (2I+1) gives four lines. 
 
 
 
Figure (4.11a) EPR of powder of 0.024% Cu++ doped CLTT crystal 
 
 
Figure (4.11b) EPR of powder of 0.025% Cu++ doped CLTT crystal  
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Table (4. 4): The g and A tensor of CaTr: Cu2+doped 
 
 
 
 
The EPR parameters gxx, gyy and gzz are calculated from the spectra and listed 
in table (4.4). The values agree upto certain extent with the values reported by 
Bohandy and Murphy [73]. The difference may be due to different amount of water of 
hydration. One can also notice that by increasing the concentration of Cu doping,  except for 
gyy, no systematic variation is observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Name of the Samples g xx  g yy g zz A zz     
  in G. 
0.024% Cu++ doped CLTT 2.104 2.041 2.4 100 
0.025% Cu++ doped CLTT 2.1052 2.0468 2.4 100 
0.0471% Cu++ doped CLTT 2.1038 2.04879 2.4 100 
0.0978% Cu++ doped CLTT 2.10866 2.05138 2.4076 101.66 
0.111 % Cu++ doped CLTT  2.1052 2.052 2.4076 100 
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4.6 Conclusions: 
(1) The FT-IR spectra of Mn++ and Cu ++ of CLTT are nearly the same and no 
marked effect of doping is observed. 
(2) The IR bands of C=O, C-O, and O-H bonds in copper as well as manganese 
doped CLTT crystals are nearly the same.  The presence of C=O, C-O and O-
H bonds were confirmed from FT-IR study. However, the doping produces no 
marked changes in the FT-IR spectra. 
(3) Mn++ doped calcium CLTT crystals are characterized by EPR spectroscopy in 
X-band at room temperature. Single crystalline samples of Mn++ doped CLTT 
crystals are analyzed parallel and perpendicular to {110} face. Various EPR 
parameters are observed as the concentration of Mn++ increases in the crystals. 
(4) From the two types of spreads in the EPR spectra it is conjectured that two 
types of different environments of Mn++ exist in the crystals. Mn++ is expected 
to occupy the interstitial positions in CLTT crystals. 
(5) Cu++ doped CLTT crystals are powdered and EPR Spectra recorded. From the 
EPR spectra of Cu++ doped CLTT crystals, the spin- Hamiltonian parameters 
are calculated. Due to increases in the content of Cu++ in the CLTT crystals no 
systematic variation in spin- Hamiltonian parameters is observed. 
(6) Mn++ and Cu++ doping provides well-resolved hyperfine splitting of spectral 
lines and the doping of Mn++ and Cu++ is confirmed. 
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Chapter V 
 
Dielectric Study of Pure and Mn++ and Cu++ Doped Calcium  
Levo Tartrate Crystals 
5.1       Introduction: 
 Dielectric study is important part of materials characterizations, because it does 
not only throw light on the materials behavior under the influence of applied electric field 
but also its applications. It becomes really interesting case when alternating fields are 
applied in place of static fields. 
 In general, for any molecules will have two possibilities when influenced by an 
external field,  
1. Molecules may have permanent dipole moments which may be aligned in an 
external field. 
2. The distances between ions or atoms may be influenced by external fields. 
However, the polarization in atoms or molecules is induced by an external field 
by displacing electrons with respect to the corresponding nuclei. The electric 
properties of molecules are generally characterized by three quantities; 
(1) The polarizability due to electronic displacement within composing atoms 
or ions. 
(2) The polarizailty due to atomic or ionic displacement within the molecules 
(changes in bond angles and inter-atomic distances)  
                                                                                                                     Chapter V… 
 
 
                                                                        Dielectric Study of Pure & Mn++ & Cu++ doped CLTT Crystals 
128
(3) A permanent dipole moment. 
Notwithstanding, the discussion becomes more interesting when solid material is 
considered for dielectric study for both static and alternating fields. This may lead to 
some interesting phenomena like piezoelectric effect, pyroelectric effect of ferroelectric 
effect in certain crystals.  This has brought novel applications of various materials in 
science and technology. 
 In 1990, Gon [1] has detected ferroelectric properties in calcium tartrate crystals. 
In the present chapter the influence of Mn++ and Cu++ doping in dielectric properties of 
calcium levo tartrate tetrahydrate (CLTT) crystals is presented.   
5.2      Fundamentals of dielectric study: 
 Materials, which are electrical insulators or in which an electric field can be 
sustained with a minimum dissipation of power are known as dielectric materials. In the 
general sense, dielectrics include all materials except condensed states of metals. 
 A dielectric is characterized by its dielectric constant,∈ (some times denoted by 
κ), which relates the electric flux density to the electric field by the following relation 
  D = ∈ ε         --------------------------   (5.1) 
 In the MKS system ∈ is the product of ∈0 (permittivity of free space) and ∈r 
(relative dielectric constant). ∈ is scalar quantity if the medium is isotropic, or a 3X3 
matrix otherwise. Permittivity, taken as function of frequency can take real or complex 
value. In general, it is not a constant, as it can vary with the position in the medium, the 
frequency of the applied field, humidity, temperature, and other parameters. In a non-
linear medium, the permittivity can depend upon the strength of the electric field. In SI 
units, permittivity is measured in farads per meter (F/m). The displacement field D is 
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measured in coulomb per meter square (C/m2), and the electric field ε is measured in 
volts per meter (V/m). The permittivity of free space is 8.8451878176 X 10-3 F/m. In the 
earlier experiments Faraday found that by inserting a dielectric material between the 
condenser plates, the capacitance could be increase by a factor of ∈r. The reason is the 
appearance of charges on the surface of the dielectric necessitating the arrival of fresh 
charges from the battery in order to keep the voltage constant. This is described in a 
schematic diagram of figure (5.1). 
                          
 
 
 
 
 
 
Figure (5.1):  Schematic representations of (a) the charge stored on capacitor plates for a 
vacuum, (b) the dipole arrangement in an unpolarized dielectric, and (c) the 
increased charge storing capacity resulting from the polarization of a 
dielectric material. 
 In vacuum the surface charge density on the condenser plate is represented as  
Q= ∈0 V/d    ------------   (5.2)                                                                         
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 where, d is the distance between the plates.  
In the presence of dielectric, the surface charge density increase to 
Q’ = ∈0∈r V/d      -----------   (5.3) 
Denoting the increase in surface charge density by P and defining the dielectric 
susceptibility by  
            χ = ∈r  - 1      ------------   (5.4) 
From equation (5.3) and (5.4) the following relationship can be obtained  
            P= D - ∈0ε and P = ∈0χ ε   -------------   (5.5) 
Usually, the dielectric constant for a given material is defined as the ratio of 
electric capacitance of a dielectric field capacitor to a vacuum capacitor of identical 
dimensions. This can be represented by the following relationship,  
           ∈ = C/ C0      ------------   (5.6) 
where, C is the capacitance of the dielectric field capacitor and C0 is the 
capacitance of vacuum capacitor. The dielectric constant ∈ is also known as the specific 
inductive capacity or as the relative permittivity. For a given charge distribution, the 
dielectric constant expresses the ratio of electric field strength in vacuum to that in a 
dielectric, the latter field being reduced by the polarization of the dielectric medium. 
 Considering a microscopic approach, an atom has a positively charged nucleus 
surrounded by an electron cloud. In the absence of an electric field, the statistical centers 
of positive and negative charges coincide. When an electric field is applied a shift is 
expected in the charge centers, particularly of the electrons. If this separation is δ and the 
total charge is q then the molecule has an induced dipole moment, 
             µ = q δ      -------------   (5.7) 
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 If the center of electron charge moves by an amount,δ, then the total volume 
occupied by this electrons is Aδ, where A is the area. This is actually true for class of 
molecules also. Denoting the number of molecules per unit volume by Nm and taking 
account of the fact that each molecule has a charge q, the total charge appearing in the 
volume Aδ is then AδNm q or simply Nmqδ per unit area, in other words, the surface 
charge density. 
It is interesting to note that this polarized surface charge density P is exactly equal 
to the amount of dipole moment per unit volume, which is from equation (5.7) is also 
Nmqδ. The first relationship between microscopic and macroscopic quantities are 
obtained as follows;  
P = Nmµ       ---------------   (5.8) 
  For low electric fields, one may assume that the dipole-moment is proportional to 
the local electric field ε’, 
          µ = α ε'      ------------   (5.9) 
Where, α is the constant known as polarizability. Notice that the presence of dipoles 
increases the local field, which will thus always be larger than the applied electric field. 
This has been schematically shown in figure (5.2). 
 
 
Figure (5.2): Formation of dipole in electric field 
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 There are several types of polarizations, such as, ionic polarization, interstitial 
polarization, electronic polarizability of atoms, lattice polarization, and molecular 
polarizability. The main three types of polarizations are explained as follows.  
5.2.1 Electronic Polarization:  
In dielectric materials, the constituent atoms are considered to be ionized to a 
certain degree and are either positively or negatively charge. In such ionic crystals when 
an electric field is applied, cations are attracted   to the cathode and anions to the anode 
due to the electrostatic interaction. The electron clouds also deform, causing electric 
dipoles. This phenomenon is called the electronic polarization of the dielectrics, and the 
polarization is expressed quantitatively as the sum of the electric dipoles per unit volume 
(C/m2) [2]. 
5.2.2 Molecular or Ionic Polarization: 
Bonds between atoms are stretched by applied electric fields when the lattice ions 
are charged. This is easily visualized with an alkali halide crystal figure (5.3) 
 
Figure (5.3): Stretching of Alkalihallide bonds when ion is charged 
Where small deformations of the ionic bond will occur when a field is applied, 
increasing the dipole moment of the lattice. 
5.2.3 Orientational Polarization:  
This occurs in liquids or gases when whole molecules having a permanent or 
induced dipole moment move into line with the applied field. 
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Physically, one may consider the dipole-moments as trying to line up but, jostled 
by their thermal motion, not all of them are successful. Since the energy of dipole is an 
electric field ε is given by 
              E = -µ ε cos θ      --------------   (5.10) 
The number of dipoles in a solid angle dΩ is        
            A exp (µε cos θ / kT) 2π sinθ      ---------------   (5.11) 
Where, A is a constant. Hence the average dipole moment is given as  
          < µ > = net number of the assembly / total number of dipoles 
Integrating in the interval of 0 toπ, one yields 
        < µ > /µ = L(a)=cotha-1/a’,  where a= µ ε / kT       -------------   (5.12)  
And L(a) is called the Langevin function. 
  If a is small, which is true under quite wide conditions, equation (5.12) may be 
approximated by, 
        < µ > = µ2ε / kT       --------------   (5.13) 
i.e., the polarizability is inversely proportional to the absolute temperature. 
5.2.4 Space Charge Polarization: 
  Space charge polarization is important in dielectric materials, which contain 
charge carriers that can migrate for some distance through the bulk of the material (Via, 
e.g., diffusion, fast ionic conduction, or intercalation) thus creating a microscopic field 
distortion. Such a distortion appears to an outside observer as increase in capacitance of 
the sample and may be distinguishable from real rise of the dielectric permitivity. Space- 
charge polarization is the only type of electrical polarization that is accompanied by a 
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macroscopic charge transport and in the case when the migrating charge carriers are ions, 
a macroscopic mass transport as well.  
  The electric response of a normal dielectric can be explained by its dielectric or 
breakdown strength, conductivity or dielectric loss, and dielectric constant. The behavior 
of nonlinear dielectric depends also on the amplitude and time variation of the electric 
field. 
  Dielectric strength is defined as the maximum electric field, which can be applied 
to a dielectric without causing breakdown, the abrupt irreversible drop in resistively at 
high fields often accompanied by destruction of the material. Dielectric strength of most 
insulating materials is in the range from 104 to 107 V/in. at room temperature and at low 
frequencies but it decreases at higher temperatures. 
5.3 Permittivity in Media: 
  In the general case of isotropic media, D and ε are parallel vectors and ∈ is a 
scalar, but in anisotropic media it is rank-2 tensor (causing bire-fringence). The 
permittivity ∈ and magnetic permeability µ of a medium together determine the phase 
velocity ν of an electromagnetic radiation through that medium: 
εµ = 1/ν2  ------------------  (5.14) 
                  When an electric field is applied to a medium, a current flows. The current 
flowing in real medium is made up of two parts; a conduction and a displacement current. 
The displacement current can be considered as the elastic response of the material to the 
applied electric field. As the magnitude of the electric field increases the displacement 
current is stored in the material when the electric field decreases the material releases the 
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displacement current. The electric displacement can be separated into a vacuum 
contribution and a contribution from the material as, 
      D= ∈0ε +P = ∈0  ε +P =∈0ε + ∈0χ ε  = ∈0 ε (1+χ)    ---------------   (5.15) 
 Where P is the polarization of the medium and χ is its susceptibility. The relative 
permittivity and permeability of a sample are related ∈r = χ+1. 
5.3.1 Complex Permittivity: 
 
Figure (5.4): A dielectric permittivity spectrum (http://en.wikipedia.org/wiki/Permittivity) 
 
 In figure (5.4), a dielectric permittivity spectrum over wide range of frequencies is 
presented. Various processes such as ionic and dipolar relaxation, atomic and electronic 
resonances at higher energies are labeled.  
   Unlike in vacuum, the response of normal materials to external fields depends on 
the frequency of the applied field. In fact, a polarization of material does not respond 
instantaneously to an applied field. For this reason the permittivity is often treated as a 
complex function of the frequency of the applied field. The definition of permittivity is   
          -------------------   (5.16)                        
 whereν2 Do and ∈0 are amplitudes of the displacement and electrical fields, 
respectively. The response of a medium to static electric fields is described by the low- 
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frequency limit of permitttivity, also called the static permittivity or dielectric constant ∈s 
or ∈DC. 
           ---------------   (5.17) 
At high- frequency limit, the complex permittivity is commonly preferred to as 
∈α. At plasma frequency and above, dielectric behave as ideal metals, with electron gas 
behavior. The static permittivity is a good approximation for the low frequency altering 
fields but as the frequency increases a measurable phase difference δ comes in to the 
picture between D and ε. The frequency at which the phase shift becomes noticeable 
depends on the temperature and the details of the medium. For the moderate field 
strength (ε0), D and ε remain proportional, therefore, 
----------------   (5.18) 
 As the response of the materials to alternating fields is characterized by a complex 
permittivity, it is needed to isolate the real and imaginary parts, hence 
-------------------  (5.19) 
 Where, ∈’ is the real part of the permittivity and ∈” is the imaginary part of the 
permittivity. The∈” is related to the rate at which energy is absorbed by the medium and 
converted into thermal energy [3]. 
  The complex permittivity is generally a complicated function of frequency, 
because it is a superimposed description of dispersion phenomena occurring at multiple 
frequencies. The dielectric function ∈(ω) must have poles for frequencies with positive 
imaginary parts and, therefore, satisfies the Kramers- Kronig relations. 
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 At a given frequency, the imaginary part of ∈ˆ leads to absorption loss if it is 
positive and gain if it is negative. More commonly, the imaginary part of the eigen values 
of the anisotropic dielectric tensor should be considered. 
5.4 Classification of Materials: 
 Materials can be classified as per their permittivity [4]  
(1) Materials with negative real part of ∈’ 
  Metals are, usually, having negative real part of∈’ and no propagation of 
 electromagnetic waves exists. 
(2) Materials with positive real part of ∈’  
 Dielectric materials exhibit this nature. 
 A perfect dielectric material exhibits displacement current only, therefore, it 
stores and returns electrical energy as if it were an ideal battery. In the case of lossy 
medium, i.e., when conduction current is negligible, the total current density is 
flowing: 
J ω= J c +J d =σ E+ i ω ∈0 ∈r E =  i ω ∈0 ∈ˆ ε ----------(5.20) 
 where σ is conductivity of the medium and ∈r is the relative permittivity. 
 The complex permittivity ∈ˆ is defined as   
 ∈ˆ = ∈r – ( i σ)/(∈0 ω)        -------------- (5.21)                     
 Distinction is often made for semiconductors and dielectrics. A non-polar material 
is having no permanent dipoles, for example, silicon, germanium and carbon (diamond). 
The III-V compounds such as GaAs, InSb and GaP share their valance electrons in such a 
manner that the ions forming the lattice tend to be positive (group-V) or negative (group-
III). Hence, the lattice is a mass of permanent dipoles whose moment can be changed by 
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applied field. There are compounds, such as hydrocarbons (C6H6 and paraffin), having 
permanent dipole arrangements but surprisingly zero net dipole moment. There are 
molecules like water and many transformer oils that have permanent dipole moments and 
the total dipole moment is determined by their orientational polarizability. 
  Depending upon the frequency range under investigation the experimental method 
of measuring dielectric constant varies. For frequencies below 109Hz the permittivity or 
impedance of a dielectric sample, inserted in a parallel plate capacitor, can be measured 
by suitable circuits. A Schering bridge arrangement is used up to 107 Hz and resonance 
circuit in the range of 104 to 109Hz. In the case of frequencies above 108Hz, the dielectric 
constant may be determined by measuring the interaction of electromagnetic waves with 
the medium. From 108 to 1011Hz the material is generally inserted in wave-guides or co-
axial lines and the standing wave patterns are measured. However, at still higher 
frequencies, optical techniques involving reflections and transmission measurements are 
employed.  
The applicability of dielectric materials not only requires the knowledge of their 
electric properties, but also their general physical and chemical properties, such as, 
mechanical strength, elasticity, resistance to heat and cold, thermal conductivity, 
hygroscopicity, stability, crystalline structure and other parameters. 
  There are many applications of dielectric materials. Because the dielectric 
constant is related to the chemical structure, it can be used for both qualitative and 
quantitative analysis. If the dielectric constants for all constituents except one constituent, 
in a multi-component system, are similar and there is little interaction between them in 
solution, then the unique component can often be determined. Interestingly, in the 
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analysis for toluene in the presence of complex mixtures of aliphatic hydrocarbons in 
petroleum refining as well as determining moisture in cereal grains and other solids uses 
this type of dielectric measurement techniques. When the nominally electric insulating 
material is placed in a varying electrostatic field, the heating effect of a material due to its 
own electric (dielectric) losses is known as dielectric heating. The material to be heated is 
placed between two metallic electrodes and high frequency signals of 2 to 90 MHz are 
applied by high frequency oscillator. The resultant heat is generated within the material 
and in the homogeneous materials it is through out uniform. 
  Solid dielectrics are employed for the vast majority of commercial applications. 
Important solid dielectrics include many ceramics and glasses; plastics and rubber; 
minerals such as quartz, mica, magnesia, and asbestos; and paper and fibrous products. 
The mechanical and thermal properties as well as the electrical response are important in 
the choice of dielectric for a particular product. For high mechanical strength and 
temperature resistance, ceramic and mineral insulators are preferred, while plastic and 
rubber are employed where flexibility is desired. Low-loss, non-polar dielectric, such as 
polyethylene or polystyrene, is necessary for many ultra high frequency applications. 
  The material requirements for dielectric devices are usually determined by the 
specific electrical characteristics desired for the operating frequencies selected. 
Semiconductors, such as silicon and germanium, and piezo-electric or ferroelectric 
ceramics, including heavy metal titanates, zirconates, and niobates, have found 
considerable application. Many authors discussed various dielectric properties, dielectric 
applications and dielectric theories in details [5-15]. Classical theory of dielectric 
constant was also been given by Kachhava and Saxena [16]. 
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5.5 Theories of Dielectrics:  
There are many theories of dielectrics, which are as follows: 
(1) Macroscopic Theory 
(2) Microscopic Theory 
(3) Theory of Static polarization 
(4) Local Field 
(5) Onsager Theory 
(6) The Debye Theory  
 These theories are described in details elsewhere [4, 9, 17-19]. The electrical 
conduction of crystal dielectrics has been discussed Tareev [6] on the basis of crystalline 
defects. Also, the predecessor in the present authors laboratory have discussed the 
theories and reviewed them in their thesis [20-21], therefore details are avoided here.  
5.6 Dependence of Permittivity on Various Factors:   
 The permittivity ∈ depends on the external factors such as frequency of applied 
voltage to the dielectric material, temperature, pressure, humidity etc [6]. This has been 
summarized hereby briefly.   
 The permittivity of nonpolar dielectrics does not depend on frequency, when it is 
changed within very broad range. On the other hand, in the case of polar dielectrics when 
the frequency of alternating voltage increase the value of ∈ remains invariable, initially, 
but beginning with certain frequency f0 the polarization fails to settle itself completely 
during one half cycles and ∈ begins to drop at very high frequencies.  The value of f0 can 
approximately be obtained if relaxation time (τ) is equated to half period 1/2f0 of voltage 
when     f0 =  kT / 8πηr3     --------------   (5.21)  
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  Where η the dynamic viscosity and r is is the radius of the molecule, T absolute 
temperature and k is the Boltzmann constant.  In the case of water τ is estimated to be of 
the order of 10-11 sec, hence the value of f0 should be of order of 1011Hz or 100 GHz. A 
phenomenon of migrational polarization is observed in inhomogeneous trielectrics, 
particularly in dielectrics with water inclusions. The phenomenon of the so- called 
resonance- polarization may cause maxima in ∈ at very high frequencies.  
 Temperature is not expected to affect the process of electronic polarization in 
non-polar dielectrics. A relative sharp change in ∈ of non-polar dielectric is observed for 
temperature variation when crystalline material goes into transition to liquid. The nature 
of dependence of permittivity on temperature may be different in solid ionic linear 
dielectrics. In most cases an ionic mechanism of polarization increases ∈ when 
temperature grows. Generally, the molecules cannot orient themselves in polar dielectrics 
in the low temperature region. When the temperature is raised the orientation of dipoles is 
facilitated, and this increases permittivity. As temperature grows the chaotic thermal 
oscillations of molecules are intensified and the degree of orderliness of their orientation 
diminishes. This causes the curve of ∈ versus temperature to pass through the maximum 
and drop. Also, in case of chemically individual polar material a jump like change in ∈ is 
observed at the melting point.   
 In the dielectrics, which obey the Clausius- Mosotti law, the magnitude of 
permittivity increases when pressure rises because the density of substance increases.  
  Moreover, in hygroscopic dielectrics with ∈ smaller than ∈ of water, the 
permittivity is expected to increase with moistening. A strong dependence of permittivity 
on the applied voltage to dielectrics is typical in ferroelectrics. As regards in linear 
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dielectrics the ∈ can be assumed practically independent of voltage, however, a 
saturation effect can be expected in polar liquid and gases.  
5.7 Dependence of tanδ on Various Factors:   
 The values of tanδ are not strictly constant and depend on various external factors 
[6], which are briefly mentioned as follows,  
 The variation of tanδ with frequency is often considered. The problem is usually 
analyzed in following interval  
 lim ω→0 tanδ = ∞,  
 lim ω→∞ tanδ  = 0  
 Tareev [6] has remarked that the physical meaning of this limits both ω = 0 and ω 
= ∞, give finite values of P and he has explained the physical significances. Dielectric 
losses in polar dielectric and also the losses only due to electric conduction in various 
cases were considered.  
 The dependence of tanδ on temperature generally suggests that the tanδ 
appreciably increases when temperature rises. Therefore, with an increase tanδ , as in the 
case of decreasing ρ  ( conductivity ) the insulation will operate under more straineous 
conditions at high temperatures. The dielectric losses caused by the dipole mechanism 
reach their maximum at a certain definite temperature Tk. At very low temperature; tanδ 
of various dielectrics is extremely small.   
 The value of tanδ noticeably increases in hygroscopic dielectrics when humidity 
grows.  Moreover, the variation of tanδ with voltage gives valuable information regarding 
the quality of insulation material. When the insulation is studied much importance is 
given, apart from the absolute value of tanδ, to the nature of change in tanδ depending on 
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the applied value.                                          
 Many workers have reported dielectric studies on single crystalline materials [22] 
[18], ceramics [23-27], glasses [28-30], acrylic acid doped ethyl cellulose films [31], poly 
(N- Methyl Pyrrole) thin films [32], copper ferrite- barium titanate composites [33], Mg 
Fe2O4 from iron ore rejects [34], ferrites [35], rubber ferrites composites [36], fly ash [37]  
and Zn- substituted cobalt ferialuminates [38].  
 The dielectric properties of BaTi4O9 single crystals reported by Tanaka and 
Kojima [39]. It was found that the crystals had an electric behaviour such as that shown 
by semiconductors because the dielectric constant decreased remarkably as frequency 
increased and was an isotropic as well as the Q-values depended on crystallographic axis 
and frequencies. The dielectric properties of annealed crystals were superior to those of 
the as grown crystals for application to dielectrics. The dielectric properties of lead 
pathalocyanine were reported by Patel and Oza [40]. They observed that the dissipation 
factor varied very similar to dielectric constant with temperature and frequency. They 
concluded that due to molecular distortion at high temperatures, which increased the 
dielectric constant of lead phthalocyanine. Benzil single crystal is known for its nonlinear 
optical properties. Shankar and Varma [41] carried out observations of dielectric 
dispersion of benzil single crystal grown by Bridgman- Stockbarger technique. They 
observed dielectric dispersion, caused by a piezoelectric resonance, was observed 
from100 kHz to 300 kHz range. The resonance position was found to be dependent on the 
size of the sample under study, which was due to its piezoelectric nature.  
 A few authors reported the dielectric studies in the tartrate compounds Lopez et 
al. [42] reported dielectric studies on gel grown zinc tartrate single crystals. Sawaguch 
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and Goss [43] reported the dielectric properties of lithium thiallate tartrate. The dipole 
patterns in the structures of some ferroelectrics and antiferroelectric crystals have been 
studied by Zheludev [44], which includes barium titanate, KDP, Na-K tartrate, TGS, Na 
nitrate and Alum. Also, the dielectric studies of rubidium hydrogen   tartrate single 
crystals were carried out by Desai and Patel [45]. A dielectric study was carried out for 
C4H4O6NaK.4H2O, C4H4O6NaNH44H2O, C4H4O6LiNH4H2O, C4H4O6LiTi.H2O and their 
deuterated derivatives. Dielectric constants were measured as a function of temperature at 
1.8 – 300 K and frequencies at 800Hz and 2 kHz. The effects of phase transition and D 
substitution were analyzed [46].  
 Recently, Dabhi et al. [47] have reported dielectric study of gel grown zinc 
tartrate crystals. A sharp peak was observed in the dielectric constant versus temperature 
plots at 121.52°C indicating a phase transition. Beyond this temperature, the Curie-Weiss 
law was found to be followed. They predicted ferroelectric behaviour, however, which 
could not be confirmed due to the lack of the hysteresis loop data.  
 The variation of dielectric constant with frequency of iron-manganese levo 
tartrate crystals was reported by Joshi et al. [48]. They have found that the dielectric 
constant decreases with increase in frequency of applied field. A sudden change in 
polarization is observed at 10 KHz frequency which is reflected in the sudden change in 
dielectric constant value.  
 5.8 Ferroelectrics: 
 Ferroelectrics belong to a special class of advanced electronic materials consisting 
of dielectrics, which are spontaneously polarized and possess the ability to switch their 
internal polarization with an applied electric field.  
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 The permanent electric dipole moment possessed by all pyroelectric [polar] 
materials may, in certain cases, be reoriented by the application of an electric field. Such 
crystals are called ferroelectric, a term first used by analogy with ferromagnetism. The 
early designations Seignette-electric and Rochelle-electric are no longer used. All 
ferroelectric crystals are necessarily both pyroelectric and piezoelectric. Many lose these 
polar properties at the transition or Curie temperature Tc. A nonpolar phase above Tc is 
the so-called paraelectric phase.  
  Ferroelectric single crystals grown in the absence of an electric field are 
inevitably electrically twinned, with a domain volume containing a given spontaneous 
polarization direction approximately equal to that containing the antiparallel direction. 
Ceramics have similar domain structures superimposed on the more general orientational 
disorder associated with polycrystalline materials. Exposure to an electric field under 
appropriate conditions can result in complete or partial realignment of the spontaneous 
polarization. A net dipole moment is not normally detectable in such materials because 
the surface charges are rapidly neutralized by ambient charged particles. The nonlinear 
optical properties of noncentrosymmetric materials are generally enhanced if they are 
also ferroelectric. Depending upon the crystal structure, in some crystal lattice, the 
centers of positive and negative charge do not coincide even without the application off 
external electric field. In this case, it is said that there exist a spontaneous polarization in 
the crystal, and, especially when the polarization of the dielectric can be altered by an 
electric field, it is called ferroelectric. As noted earlier, not every dielectric can be a 
ferroelectric.  
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 From the crystallographic symmetry point of view, out of 32-point groups, two 
classifications are made as follows:  
(i) Centrosymmetry type  
Eleven point groups such as 1-, 2/mm, mmm, 4/m, (4/m)mm, 3-, 3-m, 6/m, 
(6/m)mm, m3 and m3m. A crystal having symmetric center does not 
possess any polarity. 
(ii) Non- centrosymmetry type 
Twenty one point groups do not have any centrosymmetry, which are 1,2, 
222, 4, 422, 32, 6, 622, 23, 3, m, mm2, 4-, 4-2m, 4mm, 3m, 6-2m, 6mm, 6-, 
4-3m and 432.  
  Crystals having these non-centrosymmetry point groups possess one or more 
crystallographically unique direction axes. The two opposite ends of a 
crystallographically unique direction axis cannot be made to coincide with each other by 
any symmetry operation of this crystal. All non-centrosymmetric point groups, except the 
432 point group, positive and negative charge appear on surfaces when stress is applied. 
These materials are known as piezoelectrics [2]. Ferroelectricity was discovered in 1921 
by Valasek [49] during an investigation of the anomalous dielectric properties of 
Rochelle salt, NaKC4H4O6·4H2O. A second ferroelectric material, KH2PO4, was not 
found until 1935 and was followed by some of its isomorphs. The third major substance, 
BaTiO3, was reported by Von Hippel in 1944 [19]. Since then, this small group has been 
joined by nearly 250 pure materials and many more mixed crystal systems.  
 There are many books written on theories of ferroelectrics and ferroelectric 
materias [50-56]. Following characteristic of ferroelctric materials are important.  
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5.8.1 Spontaneous Polarization:  
   A crystal is ferroelectric if it has a spontaneous polarization Ps which can be 
reversed in sense or reoriented by the application of an electric field larger than the 
coercive field. Reversal is also known as switching. The resulting states for each 
orientation are energetically and symmetrically equivalent in a zero external electric field, 
and may be enantiomorphous. Crystalline properties, such as the defect distribution and 
conductivity, together with temperature, pressure, and electrode conditions, may affect 
the ferroelectric reversal. Most ferroelectrics have a characteristic value of Ps and Tc. 
Some materials melt or decompose before Tc has been attained. Reversal or reorientation 
of Ps is always the result of atomic displacements. The direction of Ps necessarily 
confirms to the crystal symmetry and has restrictions identical to those of the pyroelectric 
pi coefficients.  
 The spontaneous polarization in most ferroelectric crystals is greatest at 
temperatures well below Tc and decreases to zero at Tc. If the high-temperature phase is 
also polar, Ps may merely pass through a minimum at Tc; similarly, if another phase 
forms at lower temperatures, Ps may increase, decrease or become zero below that 
transition. In a first-order ferroelectric-paraelectric phase transition, Ps may have a 
substantial value at temperatures very close to Tc, whereas in a second-order phase 
transition, the decrease in Ps as T approaches Tc is more gradual.  
5.8.2 Dielectric Hysteresis:  
 The application of a dc field higher than the coercive field along a polar direction 
in a polydomain ferroelectric crystal results in the parallel orientation of all Ps vectors, by 
moving out of the crystal those domain walls that separate regions with antiparallelPs. 
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The minimum dc field required to move domain walls is a measure of the coercive field. 
The initial value of Ps in a polydomain crystal increases with increasing dc field to a 
maximum that is characteristic of the material. Reversing the field, reintroduces domain 
walls as the sense of Ps in different regions is reversed. At zero applied field, the crystal 
will have a remanent polarization no larger than the spontaneous polarization. At full 
reverse field, the final Ps will have magnitude equal to the original full Ps but of opposite 
sign. The hysteresis thus observed is a function of the work required to displace the 
domain walls and is closely related both to the defect distribution in the crystal and to the 
energy barrier separating the different orientational states.  
5.8.3 Magnitude of Spontaneous Polarization: 
 The spontaneous polarization of single-domain materials usually lies within the 
range 10-3 to 1 C m-2; numerical values are customarily given in units of 10-2 C m-2. The 
magnitude of Ps in a single crystal is directly related to the atomic displacements that 
occur in ferroelectric reversal   and may be calculated from the atomic positions within 
the unit cell if known. Designating ∆i as the component of the atomic displacement 
vectors joining the ith atom positions in the original and reversed orientations along the 
direction of Ps, Zi as the effective charge on the ith ion, and V as the unit cell volume, 
thenPs = (½V) Σi Zi ∆i. The spontaneous polarization may also be calculated directly from 
the charge density obtainable by careful x-ray diffraction structural measurements, 
corrected for the charge transferred across unit cell boundaries.  
5.8.4 Atomic Arrangement and Ferroelectricity:  
 The arrangement of the atoms in all ferroelectric crystals is such that small 
displacements, usually less than 1 Å, results in an equally stable state but with reoriented  
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Ps. The mid-position arrangement corresponds to a higher symmetry structure known as 
the prototype. The prototype is necessarily para-electric, since dipoles in this state are 
either all zero or exactly cancel. A simple example is BaTiO3 for which the prototype is 
cubic, with Ba atoms at the corners, a Ti atom at the body center and an oxygen atom at 
each face center of the unit cell. Below a Curie temperature of 393 K, the symmetry 
transforms to tetragonal as the Ti atom is displaced by about 0.05 Å from its prototype 
position along the +c direction and the oxygen atoms are displaced in the opposite sense 
by about 0.08 Å, as referred to the Ba atom position. The resulting displacements give 
rise to the spontaneous polarization. An electric field applied along the c axis that 
displaces Ti by about 0.1 Å and O by about 0.16 Å, which reverses the sense of this axis 
and also that of Ps. The paraelectric to ferroelectric transformation at Tc may be viewed in 
terms of a low-frequency, temperature-dependent mode of the crystal lattice, observable 
by optical or neutron spectroscopy. This so-called soft mode may condense at Tc, causing 
the formation of long-range polar order below Tc.  
 
5.8.5 Absolute Sense of Spontaneous Polarization:  
 The relative sense of Ps in a crystal is given by the charge developed on the polar 
faces as a single domain crystal is cooled below Tc. This sense can be related to the 
atomic arrangement by making use of the anomalous scattering in an x-ray diffraction 
experiment. All known experimental determinations of the absolute sense of Ps are in 
agreement with the sense as calculated from the effective point charge distribution; thus, 
in tetragonal BaTiO3, the absolute sense is given by the direction from the oxygen layer 
toward the nearest Ti ion.  
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5.8.6 Dimensionality of Ferroelectric Crystals:  
 Ferroelectric materials may be divided into three classes on the basis of the nature 
of the displacement vectors ∆i that produce reversal or reorientation of Ps. The one-
dimensional class involves atomic displacements all of which are parallel to the polar 
axis, as in the case of tetragonal BaTiO3. In this class, Ps > 25 × 10-2 C m-2. The two-
dimensional class involves atomic displacements in a plane containing the polar axis: a 
typical example is BaCoF4. This class has values of Ps between 10 × 10-2 and 3 × 10-2 C 
m-2. The three-dimensional class involves atomic displacements of similar magnitude in 
all three dimensions: a typical example is Tb2(MoO4)3. In this class, Ps< 5 × 10-2 Cm-2.  
5.8.7 Changes in Properties near the Curie temperature: 
 The properties of many ferroelectric materials show significant changes with 
temperature near Tc, particularly those represented by the dielectric, piezoelectric and 
electrooptic coefficients. Thus the dielectric constant of BaTiO3 increases in value with 
temperature from about 1000 to about 10 000 in the 10 K interval below Tc = 393 K; 
above Tc there is a more gradual decrease. Many of the uses of ferroelectric materials 
involve such property changes.  
5.8.8 Antiferroelectric Materials: 
 Materials with sublattices containing compensating dipoles may be called 
antiferroelectric, by analogy with antiferromagnetic materials. Such nonpolar 
arrangements are found in NH4H2PO4 below 148° K and in PbZrO3 and NaNbO3 at room 
temperature. A ferroelectric state can be induced in these phases by applying a strong 
electric field.                                                                                                               
 There are many applications of ferroelectric materials, which has brought hem at 
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the fore front of modern science and technology. There are uses involving the switching 
property, i.e., polarization reversal, of ferroelectric materials as well as non-switching 
uses, which mostly employ the high values near Tc of the dielectric constant and other 
properties. Ferroelectric materials are necessarily also pyroelectric and piezoelectric, the 
coefficients of which are often exceptionally large for T ~ Tc, so they have additional uses 
based specifically on these properties.  
 Switched ferroelectrics are employed in matrix addressed memories; shift 
registers and switches known as transchargers or transpolarizers. Combined devices 
based simultaneously on switched ferroelectric and piezoelectric properties include 
memories, oscillators and filters, while the analogous use of electro-optic properties 
results in light switches, displays and memories. A variety of display devices make use of 
circuits containing both ferroelectric and electroluminescent components in which light 
can be stored and emitted in a controlled manner; this is also possible using 
photoconductor and ferroelectric components, which also permit direct x-ray to light 
conversion displays. Switched ferroelectric materials involving semiconductor properties 
lead to field effect devices and adaptive resistors and transistors. There are many non-
switching uses for ferroelectric materials. Their high dielectric constant makes them 
useful as capacitors and their rapid change of resistivity with temperature as thermistors. 
The linear or quadratic electro-optic effect in ferroelectrics is employed in light 
deflectors, modulators and displays, and the nonlinear optical effect in second harmonic 
generation, frequency mixing and optical parametric oscillation. The photorefractive 
effect is also used to provide permanent or optically erasable holographic storage; it is 
even possible to provide selective erasure in multiple holographic storage [57 - 60]. 
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5.9 Experimental details: 
 The aim of present investigation is to study the effect of doping of Mn++ and 
Cu++ on the dielectric and ferroelectric property of calcium tartrate crystals. The dielectric 
measurements are taken for pure and different amount of Mn++ as well as Cu++ doped 
CLTT crystals, however, the hysteresis loop tracing is not possible due to the 
experimental limitations. 
In the present investigation, the single crystals of pure Mn++ and Cu++ doped 
CLTT were grown by the gel technique which is described in Chapter-II. These crystals 
were removed from the test tubes and cleaned with distilled water and air-dried. These 
crystals were powdered by mortar and pestle and pressed into a pellet of 10 mm diameter 
and 2mm thickness by apply 2 tone pressure. A precision LCR meter, Agilent 42848, 
capable of measuring different impedance parameters at test frequencies from 20Hz to 
1MHz has been used. Figure (5.6) shows the photograph of the set up. The pellets were 
placed in a suitably design spring-loaded holder. Figure (5.7) describes the design of the 
sample holder.  
 
 
 
Figure (5.6): LCR meter                                        Figure (5.7): The sample holder 
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The frequency of the applied signal was varied from 500Hz to 1MHz and the 
values of capacitance were measured at different frequency at room temperature. The 
dielectric constant (κ) is measured by employing the following expressions, 
C = ∈A / t = ∈0  κ A / t,          κ =Ct / ∈0 A ,           --------------- (5.22) 
Where, C = Capacitance, ∈ = Relative permittivity, κ = Dielectric constant, A = Area of 
sample, and ∈0 = Permittivity of free space. 
 The dissipation factor (D) is measured along with the capacitance at different 
temperatures and frequencies. The dielectric loss tanδ is calculated by using the 
following relation 
            tanδ= D                   --------(5.23) 
Where, D= dissipation factor.  
 
The variations of dielectric constant with temperatures are displayed in a set of 
figure (5.5a-f) for various frequencies of applied field for pure and Mn++ doped CLTT 
crystals. One can notice easily from these plots that sharp peaks are observed at specific 
temperatures, which may be due to phase transitions. Due to the experimental limitations 
the present author could not perform the hysteresis loop measurements; hence the phase 
transition from ferroelectric to para-electric phase could not be confirmed. It is also 
observed that as the frequency increases the dielectric constant decreases. The transition 
temperature, i.e., the temperatures at which the peak is occurring, is nearly same for all 
crystals. However, small unsystematic variation is observed due to doping. Table (5.1) 
gives the data of variation in the transition temperature for different doping of Mn++ and 
Cu++ in calcium tartrate. 
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Figure (5.5): Plots of κ versus T (a) for Pure and (b) 0.0103%Mn++ doped CLTT crystals 
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Figure (5.5): Plots of κ versus T (c) for 0.0176% Mn++ and (d) 0.0301%Mn++ doped CLTT 
crystals 
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Figure (5.5): Plots of κ versus T for (e) 0.0696 % Mn++ and (f) 0.0935 %Mn++ doped 
CLTT crystals 
 
Table (5.1): Variation in the Tc for different doping of Mn++ and Cu++ in CLTT crystals 
S. No.      Sample Transition temperature in °C 
1 Pure CLTT 110 0C 
2 0.001MMn++doped CLTT 100 0C 
3 0.005MMndoped CLTT 102 0C 
4 0.01MMndoped CLTT 106 0C 
5 0.05MMndoped CLTT  108 0C 
6 0.1MMndoped CLTT 106 0C 
7 0.001M Cu doped CLTT 100 0C 
8 0.005M Cu doped CLTT 102 0C 
9 0.01M Cu doped CLTT 90 0C 
10 0.05M Cu doped CLTT  106 0C 
11 0.1M Cu doped CLTT 105 0C 
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 One can notice from the table (5.1) that due to doping of Mn++ in CLTT crystals 
the transition temperature is lowered from that of pure CLTT crystals.  
Figure (5.6-e) exhibits a set of plots for variation of dielectric constant with 
temperature for different frequencies from 1KHz to 1MHz for Cu++ doped CLTT crystals. 
In all plots, sharp peaks are observed at particular temperatures indicating phase 
transitions. It is also noticed that as the frequency increases the dielectric constant values 
decrease and peaks become smaller in size. The values of transition temperatures, that is, 
peak positions, are lower in the Cu++ doped CLTT crystals than in pure CLTT crystals of 
figure (5.5a). However, the variation in the value of transition temperature is very less 
and unsystematic for different amount of Cu++ doping. 
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Figure (5.6): Plots of κ versus T for (a) 0.0244%Cu++ and (b) 0.0254 %Cu++ doped CLTT 
crystals 
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Figure (5.6): Plots of κ versus T for (c) 0.047%Cu++ and (d) 0.098 %Cu++ doped CLTT 
crystals 
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Figure (5.6 e): Plots of κ versus T for 0.111%Cu++ doped CLTT crystals 
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The doping of Mn++ and Cu++ in CLTT crystals reduces the transition temperature 
compared to the pure CLTT crystals, however, the change in the transition temperatures 
with the concentration of doping are not systematic. 
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Figure (5.7): (a) Plots of κ versus T for Mn++ doped CLTT crystals at 1 kHz 
                      (b) Plots of κ versus T for Cu++ doped CLTT crystals at 1 kHz 
Figures (5.7a) and (5.7b) shows the plots of dielectric constant versus temperature 
at 1 kHz for different concentrations of manganese and copper in CLTT crystals 
respectively. It can be observed from the plots that as the doping concentration increases 
the transition temperature shifts towards lower values, but again it shifts backwards at 
highest values of doping. Similarly, the dielectric constant value at the transition peak 
first increases and then decreases with increase in the doping concentrations. This may be 
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explained on the basis of the difference in the ionic radii of Mn++, Cu++ and Ca ++ and 
their occupying positions. The ionic radii of  Mn++, Cu++ and Ca++ are 0.80 Ǻ, 0.72 Ǻ and 
0.99 Ǻ, respectively. The doping of Mn++ and Cu++ are expected to place it at interstitial 
positions and bring dissimilarity in space charge distribution, which may be responsible 
for higher space charge polarizability and dielectric constant. As the doping increases the 
environment leads to more and more uniformity of Mn++ and Cu++ distribution, which is 
tending to pure CLTT type and hence the cell parameters values are closer to pure CLTT 
values. This is expected to give the dielectric constant values and the transition 
temperature values more closely to that of pure CLTT [61].  
Figures (5.8 a-f) are plots of tanδ versus temperature for pure and Mn++ doped 
CLTT crystals whereas, Figures (5.9 a-e) are plots of tanδ versus temperature for Cu++ 
doped CLTT crystals.  
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Figure (5.8): Plots of tanδ  versus T (a) for Pure and (b) 0.0103%Mn++ doped CLTT crystals 
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Figure (5.8): Plots of tanδ  versus T (c) for 0.0176% Mn++ and (d) 0.0301%Mn++ doped 
CLTT crystals 
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Figure (5.8): Plots of tanδ versus T (e) for 0.0696% Mn++ and (f) 0.0935%Mn++ doped 
CLTT crystals 
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Figure (5.9): Plots of tanδ   versus T for (a) 0.0244%Cu++ and (b) 0.0254 %Cu++ doped 
CLTT crystals 
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Figure (5.9): Plots of tanδ   versus T for (c) 0.047%Cu++ and (d) 0.098 %Cu++ doped CLTT 
crystals 
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Figure (5.9 e): Plots of tanδ  versus T for 0.111%Cu++ doped CLTT crystals 
It can be noticed from the figure (5.8a-f) and (5.9a-e) that as temperature 
increases the tanδ increases and exhibit maximum peak value and then decrease upon 
increasing the temperature. The same behaviour is observed at different frequencies; 
however, at lower frequency the dissipation is higher than at higher frequencies. The 
values of maxima in tanδ for pure Mn++ and Cu++ doped CLTT crystals are given in the 
table (5.2). 
It is observed that the values of maxima in Mn++ doped crystals are less than that 
of pure CLTT crystals. However, one can notice from figure (5.8 a-f) that for pure and 
Mn++ doped CLTT crystals, on increasing temperature the tanδ  decreases and then it 
shows maximum value and on further increasing temperature it decreases again.  
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Where as the plots representing the variation of tanδ with temperature for Cu++ 
doped CLTT crystals are shown in figures (5.9a-f). One can observe maxima in form of 
sharp peaks in these sets of figures. In the case of Mn++ doping initial decrement in the 
value of tanδ is observed then sharp peaks are observed, on the other hand in the Cu++ 
doped crystals for the low concentration of Cu++ this behavior is observed but for higher 
concentration of Cu++ only sharp peaks are observed. Table (5.2) shows the position of 
sharp peaks for Cu++ doped CLTT crystals, it can be judged from the table that the peak 
position temperatures are lower in comparison to the pure   CLTT crystals. 
 
 
Table (5.2): Variation in the peak value tanδ  for different doping of Mn++ and Cu++ in 
CLTT crystals.  
S. No.      Sample Temperature of Maximum 
Peak value of tanδ 
1 pure CLTT 110°C 
2 0.001MMn++doped CLTT 1000C 
3 0.005MMndoped CLTT 102 0C 
4 0.01MMndoped CLTT 106 0C 
5 0.05MMndoped CLTT  1080C 
6 0.1MMndoped CLTT 106 0C 
7 0.001M Cu doped CLTT 1000C 
8 0.005M Cu doped CLTT 102 0C 
9 0.01M Cu doped CLTT 90 0C 
10 0.05M Cu doped CLTT  106 0C 
11 0.1M Cu doped CLTT 105 0C 
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From the figure (5.8 a-f) and figures (5.9a-e) it is interesting to observe that the 
value of tanδ is higher for pure CLTT crystals than the doped crystals.  
The large values of dielectric constant κ  (or∈’) and tanδ exhibited by CLTT and 
Cu++ and Mn++ doped crystals at different temperatures and low frequencies may be 
attributed to space charge polarization due to crystal lattice defects. The decrease of κ and 
tanδ beyond critical temperature and the κ versus temperature plots follow the Curie-
Weiss law, which also support the fact that pure and doped crystals exhibits ferroelectric 
nature. This will be discussed in the following sections. 
For Cu++ doped CLTT crystals the plots of dielectric constant versus logarithm of 
frequency as well as the plots of tanδ versus log f are drawn and shown in figures (5.12a-
e) and figures (5.13a-e), respectively, which exhibit the same nature as those of Mn++ 
doped CLTT crystals. 
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Figure (5.10): Plots of κ versus log f (a) for Pure and (b) 0.0103%Mn++ doped CLTT 
crystals 
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Figure (5.10): Plots of κ versus log f (c) for 0.0176% Mn++ and (d) 0.0301%Mn++ doped 
CLTT crystals 
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Figure (5.10): Plots of κ versus T (e) for 0.0696% Mn++ and (f) 0.0935%Mn++ doped CLTT 
crystals 
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Figure (5.11): Plots of tanδ versus log f (a) for Pure and (b) 0.0103%Mn++ doped CLTT 
crystals 
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Figure (5.11): Plots of tanδ versus log f (c) for 0.0176% Mn++ and (d) 0.0301%Mn++ doped 
CLTT crystals 
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Figure (5.11): Plots of tanδ versus log f (e) for 0.0696% Mn++ and (f) 0.0935%Mn++ doped 
CLTT crystals 
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Figure (5.12): Plots of κ versus log f (a) for 0.0244%Cu++ and (b) for 0.0254 %Cu ++ doped 
CLTT crystals 
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Figure (5.12): Plots of κ versus log f(c) for 0.047%Cu++ and (d) 0.098 %Cu ++ doped CLTT 
crystals 
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Figure (5.13): Plots of tanδ versus log f (b) for 0.025%Cu++ and (c) for 0.047%Cu ++ doped 
CLTT crystals 
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Figure (5.13): Plots of tanδ versus log f (d) for 0.098%Cu++ and (e) for 0.111%Cu ++ doped 
CLTT crystals 
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The gradual decrease in κ and tanδ with frequency at different temperatures is 
shown in figures (5.12a-e, 5.13 a-e, 5.14 a-f and 5.15a-e), which suggest that pure and 
doped CLTT crystals have domain of different size and hence of varying relaxation times 
[1]. The variation of κ and tanδ with frequency of applied field indicate that both of the 
quantities decrease with increasing frequency.  
            In general, the variation of dielectric constant with frequency suggests the 
presence of higher space charge polarizability of the material in the low frequency region. 
This may be explained on the basis of the mechanism of polarization similar to that of 
conduction process. The electronic exchange of the number of ions in crystal gives local 
displacement of electrons in the direction of applied field, which gives polarization. As 
the frequency increases, a point is reached where the space charge cannot sustain and 
comply with the external field. Therefore, the polarization decreases and exhibits the 
reduction in the values of dielectric constant as frequency increases [62]. The similar 
nature was obtained in zinc tartrate crystals by Dabhi et al. [47].  In the case of mixed ion 
–manganese tartrate crystals the same nature was observed, however at 10Kz frequency 
sharp transition were observed, which were indicating some sudden phase transitions in 
polarization nature[48]. 
            However, a marked difference was found in the behaviour of copper dextro 
tartrate and copper levo tartrate crystals by Dabhi [20]. Copper dextro tartrate and copper 
levo tartrate crystals exhibited different behaviour, which were explained by the author 
on the basis of the structural change in the presence of dextro tartrate and levo tartrate 
ions.        
                                                                                                                     Chapter V… 
 
 
                                                                        Dielectric Study of Pure & Mn++ & Cu++ doped CLTT Crystals 
171
 
0.02
0.022
0.024
0.026
0.028
0.03
0.032
5 8 11 14
T-Tc
1/
k-
1
500
1kHz
5kHz
10kHz
50kHz
75Khz
100kHz
250kHZ
500kHz
1MHz
 
0.014
0.016
0.018
0.02
0.022
0.024
0.026
5 15 25 35
T-Tc
1/
k-
1
500Hz 
1kHz
5kHz
10kHz
50kHz
75Khz
100kHz
250kHZ
500kHz
1MHz
 
(a)                           (b) 
 
Figure (5.14); The Curie- Weiss plots (a) for Pure and (b) for 0.0103%Mn++ doped CLTT  
  crystals 
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Figure (5.14); The Curie- Weiss plots (c) for 0.0176% Mn++ and (d) for 0.0301%Mn++ doped 
CLTT crystals 
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Figure (5.14); The Curie -Weiss plots (e) for 0.0696% Mn++ and (d) 0.0935%Mn++ doped 
CLTT crystals 
  
 
 Figures (5.14a-f) are the Curie- Weiss plots, which are drawn for 1/(κ –1) versus   
T-Tc, for pure CLTT, 0.01%Mn++, 0.018%Mn++, 0.030%Mn++, 0.069%Mn++ and 
0.093%Mn++ doped CLTT crystals for different frequencies, respectively. Similarly, the 
Curie–Weiss plots for Cu++ doped samples are also shown in figures (5.15a-e), which are 
for 0.024% Cu++, 0.025% Cu++, 0.047% Cu++, 0.098% Cu++ and 0.111% Cu++ doped 
CLTT crystals for different frequencies, respectively. Thus Curie-Weiss law is followed 
beyond the transition temperature in pure and doped CLTT crystals. 
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Figure (5.15); The Curie- Weiss plots (a) 0.0244%Cu++ and (b) 0.0254 %Cu ++ doped CLTT 
crystals 
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Figure (5.15); The Curie- Weiss plots for (c) 0.047%Cu++ and (d) 0.098 %Cu ++ doped   
CLTT crystals 
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Figure (5.15e); The Curie- Weiss plots for 0.111%Cu++ doped CLTT crystals 
 
  From the figures (5.16a-f) and (5.17a-e) one can see that the Curie-Weiss law 
is followed beyond the transition temperature for pure and Mn++ and Cu++ doped calcium 
levo- tartrate crystals.    
 Above the Curie temperature, the substance is in para-electric state and found 
to obey the Curie-Weiss law as κ= C/T-Tc, where C is constant and Tc is the Curie 
temperature. Alternatively, the Curie-Weiss law can be presented, by using the 
susceptibility χ = (κ –1)/ 4π, as follows 1/(κ –1) = T- Tc  / C [4, 62]. 
 Figure (5.16a-b) represents the plots of a.c. resistivity and a.c. conductivity 
versus log f for pure Mn++ doped CLTT crystals respectively. Figure (5.17a-b) represents 
the plots of a.c. resistivity and a.c. conductivity versus log f for pure Cu++ doped CLTT 
crystals respectively. The a.c. resistivity (ρac) and a.c. conductivity (σac) were calculated 
from the following formula,  
A
fcdt
ac
πρ 2=   ----------- (5.24), 
ac
ac ρσ
1=    -----------(5.25) 
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Figure (5.16a): The plot of ac resistivity (ρac) versus log f for pure and Mn++ doped CLTT  
  crystals 
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Figure (5.16b): The plot of ac conductivity (σac) versus log f for pure and Mn++ doped CLTT 
crystals 
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Figure (5.17a): The plot of ac resistivity (ρac) versus log f for pure and Cu++ doped 
            CLTT crystals 
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Figure (5.17a): The plot of ac conductivity (σac) versus log f for pure and Cu++ doped CLTT 
crystals 
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From these figures, one can easily notice that as the frequency increases the a.c. 
conductivity decreases and, obviously, the a.c.  resistivity increases. Due to doping of 
Mn++ and Cu++ in pure CLTT crystals, the a.c.  resistivity and a.c. conductivity varies but 
the variation with dopant concentration is not systematic 
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Figure (5.18): Plots of ε” versus frequency for pure Mn++ doped CLTT crystals at 50° C. 
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Figure (5.19): Plots of ε” versus frequency for pure Cu++ doped CLTT crystals at 50° C. 
 
 
 
 
 Figure (5.18) and (5.19) are plots of ε” (imaginary part of permittivity), versus 
frequency for pure Mn++ and Cu++ doped CLTT crystals at 50° C, respectively. From 
these plots one can see that due to doping of Mn++ and Cu++ in pure CLTT crystals the 
values of ε” increase unsystematically.  
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5.9 Conclusions:  
(1) The variation of dielectric constant with temperature is studied for both pure and 
Mn++ and Cu++ doped CLTT crystals. This suggests maximum peaks of dielectric 
constant at particular temperature, which indicates transitions from the 
ferroelectric to para-electric states.  
(2) The transition temperatures are comparatively lower than those of doped crystals. 
However, the transition temperatures vary unsystematically with the 
concentration of doping. As the frequency of the field increases the values of 
dielectric constant decreases and the peak value of dielectric constant also 
decreases. 
(3) The similar results are obtained for the variation of dielectric loss or tanδ with 
temperature. The peak values of tanδ are obtained at particular temperatures. Here 
also, the values of maximum peaks are at lower temperatures for doped crystals 
then the pure CLTT crystals. 
(4) The variation of dielectric constant with frequency exhibits that as the frequency 
of the applied field increases the dielectric constant decreases, suggesting higher 
space charge polarizabilty in the low frequency region. The gradual decrease in 
the dielectric constant with frequency suggests that the sample has domains of 
different sizes and various relaxation times, which depends upon the temperature 
of the samples.  
(5) As the frequency increases, a point is reached where the space charge cannot 
sustain and comply with the external field. Therefore, the polarization decreases 
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and exhibits the reduction in the values of dielectric constant as frequency 
increases. 
(6) The peak value of dielectric constant decreases on increasing the frequency 
indicates that the magnitude of the dielectric constant at the phase transition is 
frequency dependent. 
(7) The Curie-Weiss law is followed just beyond the peak temperature, which is 
confirmed from the linear behaviours of plots of 1/(κ-1) versus temperature. This 
can be proved for both pure and Mn++ and Cu++ doped CLTT crystals.  
(8) The pyro-electric behaviour is observed, however, a possible ferroelectric to para-
electric transition could not be conformed due to lack of the data of hysteresis 
curve.  
(9) The magnitude of dielectric constant and phase transition temperature both first 
increase as the concentration of Mn++ and Cu++ increases and then decrease. This 
may be due to the change in the space charge polarizability produced, perhaps, by 
the interstitial nature of doping. 
(10) Due to doping the a.c.  resistivity and a.c. conductivity varies with frequency 
unsystematically with reference to pure CLTT crystals. 
(11) The values of ε” are higher for doped crystal than those of pure CLTT crystals, 
but their variation with doping concentration is unsystematic.  
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Chapter VI 
 
Reactivity at Line Dislocation in Pure and 
 Doped CLTT Crystals 
 
6.1 Introduction:  
Crystal etching though a simple and widely adopted technique for the study of 
imperfections in a large variety of crystalline materials, the process is still not very 
well understood. An etching technique, in association with optical microscopy, can be 
used alternatively to X-ray method for the detection as well as quantitative analysis of 
defects in crystalline solid [1-5]. The high-resolution imagings capabilities achievable 
with Atomic Force Microscopy (AFM) have enabled the initial stages of the process 
of etch pit nucleation to be monitored on a scale previously unattainable [6-7]. The 
segregation of foreign solute particles during crystal growth leads to the introduction 
of defect into the crystal [8-9]. In order to study the effect of doping of Mn2+ and Cu2+ 
on defect characteristics and to compare the dislocation in pure and doped CLTT 
crystals, the etching study is carried out. The characterization of pure and Mn2+ as 
well as Cu2+ doped CLTT crystals by selective etching and a study of kinetics as well 
as thermodynamic parameters are reported in this chapter. 
6.2 Etching Methods: 
Etching is a process that has been used extensively in a great variety of trades.  
They range from the ancient craft of the jeweler to the application of photolithography 
in the production of printed electrical circuits. In scale, etching equipment varies from 
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the massive pickling tank to the small copper plates fixing for all time the creation of 
Rembrandt and Durer. The metallographer is a relatively recent intruder. Because of 
the great variety of activities, and because many of them grew up while etching 
phenomena were mainly empirical, there has been a tendency for the knowledge to be 
restricted to separate fields. It is only in recent years that etching has been studied for 
its own sake to improve the techniques in all their applications. 
 With recent advances in crystal growth and purification, more rigerous 
demands are put forwarded on crystal perfection, orientation, and special surface 
treatments. Etching plays an important role in the perfection and characterization of 
crystals. The reasons for etching can be grouped into four main categories [10].  
1. Cleaning:  
In material preparation, it is often necessary to “clean” the surface between 
various steps. Cutting and other mechanical treatments leave a damaged layer that 
must be removed before certain studies can be made. 
2. Revealing Dislocations: 
Dislocations and other lattice imperfections affect the strength, surface 
potential, electrical properties and other properties of crystals. Etchants that reveal 
imperfections simplify studies of crystal perfection. 
3. Orientation of Crystals: 
Many studies such as dissolution, oxidation and electrical effects require 
single crystals whose faces are of a definite crystallographic ordination. Crystals 
can be oriented by X-ray diffraction techniques, in which case the only 
requirement of the etch is that to remove the damaged layer. Orientation by optical 
methods, however, can in some cases give results comparable to x-ray diffraction 
techniques.              
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  In optical methods, etchants are required that reveal definite crystallographic 
planes. The main etching techniques are listed as follows with their brief outlines 
[11].    
(a) Chemical Etching:  
 The surface atoms undergo a chemical change. Only reactions that form a 
product that is removed from the surface during etching can be employed. This 
technique is very simple and gives plenty of information, if it is used properly. It 
is discussed at length in this chapter.  
(b) Electrolytic Etching:    
 Current flow is employed to cause dissolution of the material in a suitable 
electrolytic. When a metal dissolves, it forms positive ions, in order to do so, each 
atom should lose one or more electrons, that is, it must be oxidized. This 
oxidation process can be brought about either by an oxidizing substance in the 
solution or by making the metal as an anode in the electrolytic cell, in which case 
the electrons are removed by the battery or generator in the circuit. The rate of 
reaction in this electrolytic method is directly measured by the current flowing in 
the circuit. 
(c)  Thermal Etching: 
The material is removed from the surface by vaporization in a vacuum or 
in an inert atmosphere. Thermal etching depends upon the conditions of 
atmosphere, pressure and temperature of the media in which it is carried out. 
Provided that the temperature is sufficiently high for the surface atoms to become 
mobile generally, the thermal etching takes place when the metal and gas react 
chemically. The conditions of temperature and pressure for thermal etching, 
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however, are such that either the reaction product is removed by evaporation or it 
is not chemically stable. 
When a metallic specimen is placed in a particular medium, the 
rearrangement of the surface atoms may produce facets of the planes of low 
surface energy. The medium may be called to have etched the surface, though in 
fact its role may have been merely to cover certain crystal planes with an adsorbed 
monolayer. 
(d) Ionic Etching: 
The material is removed by sputtering of ions. If the metal is placed as a 
cathode in a gas discharge tube, the current in the tube is carried out by positive 
ions of the gas, which bombard the cathode and remove atoms from its surface. 
This process is known as “sputtering”. Depending upon the tube conditions, such 
as current, voltage, time, nature and pressure of the gas, and the arrangement of 
anode and cathode, the individual crystals of the sputtered surface may become 
smooth, showing only the grain boundaries, or they may be etched, showing 
structure within the crystals. 
The structures, sometimes revealed by cathodic bombardment, cannot be 
seen after solution etching, for example, in a sample with phases of different 
electrode potentials. Each part of the surface is etched away, that is, an atom 
extracted from the lattice, according to the local bonding energy which varies with 
orientation and composition. Therefore, grain boundaries are revealed between 
phases on between crystals within the same phase. This method provides a 
powerful tool to metallographers. 
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6.3 Etching Process: 
When the rate of dissolution of a solid is rapid, the process is controlled by the 
rates of chemical and thermal diffusion in the solvent. As the dissolution rate or the 
under saturation of the solvent becomes smaller, surface imperfections of the solid 
plays a prominent role [12].  
 The unit process in dissolution can be considered as a removal of a molecule 
from the corner of a kink in a surface step. However, the process occurs only if: (a) a 
step exists on the surface, (b) the step contains kinks, (c) the solvent is under-saturated 
at a particular kink under consideration. Any one of a combination of these factors 
controls dissolution. This has been described in figure (6.1).  
 
Figure (6.1) Surface imperfection on a crystal 
 The edges of a crystal are considered to be good source of steps and kinks 
during dissolution; therefore, in practical cases the rate of dissolution is not limited by 
the requirement of these defects. The first step in dissolution at the centre of a 
crystalline face is the generation of a mono-molecular pit, as shown in figure (6.1). If 
the bond energy in simple cubic structure is Φ, then 5Φ  energy is required to remove 
first atom from a perfect surface. However, this energy is 3Φ for an atom at a kink 
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corner, and 4Φ for an atom from a step edge. One can consider an atom at centre of an 
edge dislocation is also having energy nearly 4Φ, which is less than the energy for the 
perfect surface. 
 Single lattice vacancies situated at the surface are also small monomolecular 
pits and may influence dissolution under certain conditions. However, the steps 
produced by them are difficult to observe. The same is true; on the other hand, for 
clusters of lattice vacancies or impurity atoms can some times be detected [13].  
It is important to note that dislocation lines are quite effective in acting as 
nucleation centers for dissolution steps. The effect of a dislocation line on dissolution 
nucleation is attributed to the effect of their elastic strain energies on the chemical 
potential of the material near by [14]. 
The surface layer around a screw dislocation that lies normal to a free surface 
is stress free except at the core of the dislocation. However, for an edge dislocation 
that intersects a free surface, the most of the strain energy remains the surface steps 
associated with screw dislocations are thought to be important for dissolution at 
moderate under-saturations. However, both edge and screw dislocations etch in nearly 
same manner and nearly same rate in many crystals. 
Considering different types of theories of dissolution, thermodynamic and 
topochemical adsorption theories are of interest since they deal with the formation of 
dislocation etch pits on a crystal surface [15-16]. 
 The topochemical theories suggest the dissolution rate in terms of chemical 
reactions on the crystal surface [16-17]. It is considered that etch pits at the sites of 
dislocations are formed as a result of enhanced dissolution caused by the preferred 
adsorption of a reactant at that site because of the strain associated with the 
dislocation. Reactants adsorb more strongly produce good contrast etch pits. 
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Topochemical theories are attractive for crystalline substances, the dissolution 
of which involves the formation of reaction products, however, they poses certain 
limitations. One limitation is that each etching system has to be treated independently. 
Whereas, the thermodynamic theories are based on the postulate that the 
energy localized in the vicinity of a dislocation lowers the free energy needed for the 
nucleation of a cavity of unit depth in the surface at the site of the dislocation. This 
decrease n the free energy is the cause of preferred dissolution of the surface at the 
emergence points of dislocations. The free energy change associated with the 
formation of a mono-molecular pit at dislocation site,∆G, is given by the following 
expression,   
∆G = 2π r aγ  -π  r2a ∆µ   - a Ed  ---------------(1) 
                                 Ω 
                     
 where r is the radius of cavity, a is its height , ∆µ the change in free energy 
during dissolution (chemical potential),  Ω  the molecular volume of the crystal, and γ 
the specific surface free energy of an atom or molecule going from the solid surface 
into the solution. The chemical potential is shown as follows, 
 ∆µ = - k T ln(C/Co)     ------------ (2) 
          where Co is the saturation concentration of the material in an etching medium 
and C is the actual concentration at the dislocation site. The localized energy per unit 
length at a dislocation, Ed, is shown as  
 Ed = A ln(r1/ro)     ------------   (3) 
 
 Ed = α G b2 (r1/r0)    ----------   (4) 
                        4π 
 Equation (3) represents the elastic strain energy and equation (4) the 
dislocation core energy, A= G b2/4π(1-µ) for edge dislocations and A= G b2/4π for 
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screw dislocations. Where, G is the shear modulus, b is the modulus of Burgers vector 
of dislocation and µ is the Poisson’s ratio, ro is the radius of the dislocation core 
beyond which elasticity theory holds, r, is the outer radius of the strained region of the 
crystal and α is a constant equal to about 1.5 to 2.0 for screw or edge dislocations, 
respectively. 
            In the Cabrera’s theory [18-19] the free energy change involved in the 
formation of a dislocation etch pit, ∆Gn*, is given as follows, 
 ∆Gn* = ∆Gs* (1-ξ)1/2     ------------- (5)    
 where ξ =(2A∆ µ)/(πΩγ2) −−−−−−−−−−−−(6) 
 On the other hand the maximum free energy change associated with the 
formation of a unit etch pit a perfect surface is given as    
 ∆Gs* =(πγ2a Ω)/∆ µ  -------------------- (7) 
 Whereas, in the Schaarwächter theory [20] the maximum free energy     
change is  
 ∆Gn* = p∆Gs* -----------(8), 
 where  p = ((1-α qG b) / 4πγ) 2 −−−−−−−−−−   (9) 
the value of constant q ~  0.1. 
 Cabrera’s treatment yields similar conclusion as Schaarwächter’s theory, but 
Schaarwächter’s theory connects the dependence of etch pit slope on different 
parameters more clearly. 
The etch-pits are kinetic phenomenon immediately following nucleation of the 
appropriate “hole” at the crystal defect. The two aspects of the kinetics, viz., the 
nucleation of mono-molecular steps at the defect and the motion of the steps away 
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from this source, have been outlined by Gilman et al. [9] and Cabrera. [21] The same 
model is used by Ives and Mc Ausland [22] to explain the etch pit slopes.  
 
 
Figure (6.2): Schematic diagram showing different dissolution rates at etch pits 
 Successive nucleation of steps at the defect (assumed a straight line defect 
perpendicular to the surface) gives rise to a dissolution rate, Vd, at the defect. If the 
height of these steps is, h, then Vd/h steps are produced in unit time. The model, as 
shown in figure (6.2), takes no account of the shape of the steps, and hence that of the 
pit they comprise, and it is thought to be a two-dimensional model. Following 
nucleation, the steps move out by removal of atoms [23] and can have velocity Vs. 
The Vs may be influenced by the superimposed diffusion field, particularly close to 
the defect source. It has been predicted that a series of steps emanating from a source 
will, after sufficient distance travel, achive a uniform velocity Vsα [24,12]. This 
suggests that the velocity, Vs, at a sufficient distance from the source, is independent 
of the rate of production of steps, and hence is independent of Vd. If the steady state is 
achieved well inside the pit, its slope and rate of widening will be independent of the 
type of defect. Ives and Hirth [25] applied this analysis to etch pits in lithium fluoride, 
but no definitive verification of the parametric dependence of Vsα was possible. 
 The possibility of certain special situations arises when a pit is formed at the 
intersection of a dislocation, which has a component of its Burgers vector 
perpendicular to the surface [26]. No nucleation event is necessary in this case 
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because this type of dislocation produces a step, which commences at the point of 
intersection with the surface. Various authors have given account of this situation and 
proposed spiral step in growth [12] and in evaporation [19], which at sufficient radius 
can achieve steady state spacing between successive turns.  
Ives and Mc Ausland [22] have assumed that Vs is independent of the distance 
from the source, then, since Vd is a measure of the rate of production of steps and Vs 
represents their uniform speed away from the source, by simple geometry the 
resulting pit will have slope 
tanθ = Vd/Vs     ----------(10) 
 The slope, tanθ , can be measured experimentally, but more attention is 
required to measure Vd. 
 There are many other heterogeneities at which surface “holes” may be 
nucleated [27] giving rise to a finite value of surface dissolution, Vp. The rate of pit 
deepening is given by   
dD/dt  = Vd- Vp using this in the earlier equation  
 
For etch pits formed at a constant rate, this expression can be transferred into a 
linear expression 
 
Where d is the measured depth of a pit after it has been in existence for time, t. 
It is well- known that inorganic salts in solutions exist in the form of 
complexes whose chemical constitution depends on the concentration of the salt in 
solutions as well as on the concentration of another substance having an anion 
common with the additive salt [28-29]. The instability constants of a series of 
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complexes of salt, in general, regularly decrease, i.e. each successive complex is more 
stable [30]. The enhanced nucleation rate along the dislocation line, due to the 
presence of the localized energy, and the lateral growth of pits may depend on the 
formation of successive complexes as a result of the availability of the common, or 
chemically similar-behaving, ions. Denoting the additive impurity MXn an alkali 
halide by AX, the formation of successive complexes on the surface at the dissolution 
site is as, 
[M (H2O)6]n+   + mAX               [M(H2O)5X](n-1)+   +   (m-1) AX  +  A+ 
The dissolution is more along the dislocation line and this type of mechanism 
explains not only the change in the lateral growth of pits but also the change in pit 
morphology [15, 17] has studied the application of activated complex theory in 
conjuction with the adsorption of reacting species and complexes on MgO crystals.  
 The role of dislocations in etching created a great interest amongst many 
workers and many significant experiments were conducted. It was the first time, the 
first quantitative proof regarding the reliability of etch pit technique and the 
correctness of Burgers model given by Vogel et al. [31]. Subsequently, the etch pit 
technique has been successfully applied to study dislocations in plastically deformed 
crystals [32] has studied dislocations in bent germanium crystals. Evidences of 
decoration of dislocations by the etch pit techniques have been reported, as early as in 
1953, by Gevers et al. [33-34]. During their study of etching on silicon carbide 
crystals in fused forax at 900° C, they observed that at the center of growth spirals, 
etch pits were found to develop. Some of pits were not located at the center of the 
spirals. It was concluded that these other type of pits correspond to edge dislocations. 
The nature of the etch pits depends on the character of the dislocation, and on 
exact composition of the etchant. Edge and screw dislocations etch slightly different, 
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the former produce deeper pits. The etching is inhibited by some segregated 
impurities at dislocations, therefore, aged and fresh dislocations etch differently [9] 
have studied etch pits on the lithium fluoride crystals formed by etching in dilute 
aqueous solution of FeF3. They have suggested that the faster nucleation rate at edge 
dislocations is due to their higher energy, whereas the low nucleation rate at 
dislocations with segregated impurities is because of lowering in the dislocation 
energy. 
By proper choice of slip traces one can chose emergence points of screw and 
edge dislocations separately and check whether both types of dislocations are etched. 
For cleaved specimen of alkali halide, the 45o traces are due to edge dislocations 
while the bands parallel to the crystal edges contain screws inclined 45 o with respect 
to the surface. These circumstances then permit investigation of the effect of the 
inclination of the dislocations with respect to the etched face. It is not certain that all 
pits correspond to dislocations, for instance, precipitates may cause etching [35] has 
shown that precipitates in LiF crystals cause the formation of terraced pits. Fission 
tracks can also be etched [36].  
6.4   Tests for Dislocations Etch Pits: 
If one could make a crystal with a predetermined dislocation density the 
easiest check on the one-to-one correspondence of etch pits and dislocations would 
consist in comparing calculated and observed dislocation densities. The most easiest 
method of introducing a known number of dislocations into the crystal consists in 
bending it a to a given radius of curvature. It is found, that, usually, after bending 
more etch pits are present than predicted, however, after a slight annealing 
polygonization takes place and the density of pits corresponds to that predicted one. 
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These pits are arranged in a way such that they reveal the polygonized structure of the 
crystal; they are on lines perpendicular to the active glide planes [37-39].  
Whether the etch pits are formed at dislocation sites or not, that can be decided 
by doing certain tests. When an annealed and slowly cooled specimen are successfully 
etched, it can be demonstrated that dislocations with an atmosphere or with 
precipitates can be revealed. If the same etchant is also able to reveal dislocations in 
freshly formed slip traces, it is reasonable to say that impurities in the crystals do not 
take active part. This was shown for NaCl etched with anhydrous methyl alcohol [37, 
40] and for lithium fluoride [40].  
When cleaved specimens are used, the easiest check on reproducibility and 
reliability consists in comparing the two specimen halves, the etch patterns should be 
mirror images, a small deviation may occur, for example, due to branching of the 
dislocations in the cleavage plane [41]. In the latter case 1 pit on 1 face corresponds to 
2 closely spaced pits on the second face. When metal specimens are used, successive 
attacks, alternated with elactropolishing, should reveal consistently the same pattern. 
Gilman et al. [9] have studied two counterparts of LiF cleavages and observed mirror 
images of etch pits.  
Test were conducted to check wether the etch pits were at dislocation sites by 
verification of the relation na ≈ nb + nc, where na, nb and nc are the density of etch 
pits along the intersecting grain boundaries. Also the density of etch pits remained 
unchanged with the time suggesting occurrence of pits at dislocation sites [42].  
6.5 Etching of Pure and Doped CLTT Crystals: 
 The crystals were carefully picked up from the silica gel to avoid any damage 
during mechanical handling. The crystal morphology was generally a rhombic 
                                                                                                              Chapter VI…            
 
 
                                                             Reactivity at Line Dislocation in Pure & Doped CLTT Crystals 
199
octahedron as shown in figure (4.9) of chapter IV elongated in the c direction and 
made up of principal faces (110), (010), (011). The {110} face has been etched for the 
study. The composition of etchant was 90cc water+10cc HCL. The etchant was made 
from AR grade chemical. After preparing etchant, the etching was carried out for five 
second at different temperatures, namely, 30°C, 35°C, 40°C, 45°C and 50°C for pure 
CLTT crystals.  This etchant produced triangular shaped etch pits on {110} plane. 
This experiment has been repeated for etching Mn++ and Cu ++ doped CLTT crystals.  
For etching the samples at different temperatures, first etchant was heated at 
appropriate temperature then the sample was etched for specific time then a sample 
was dried with soft tissue paper and followed by hot air-dry. The etched samples were 
observed using Olympus BX 41M microscope and etch pit width measurements were 
made using Vaiseshika microscope with filar eye-piece with 0.0001428 mm least 
count.  The photographs were taken by using Carl Zeiss microscope Axioskop 2 Plus 
with CCD camera, shown in figure (6.3a-g). The average etch pit width was obtained 
for each etching temperature by measuring at least 25 etch pits.  
 
 
           
              (a)                           (b) 
Figure (6.3): Etch pits on {110} face of  (a) pure CLTT crystals at 30° C, 
                          (b)0.024%Cu++ doped CLTT crystals at 50° 
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.                
                      (c)              (d) 
              
         (e) 
                            
                                    (f)                                                              (g) 
 
Figure (6.3): Etch pits on {110} face of  (c) 0.018% Mn++ doped CLTT crystals at 50° C, 
(d) 0.069%Mn++ doped CLTT crystals at 35° C, (e) 0.098%Cu++ doped 
CLTT crystals at 50° C, (f) 0.030% Mn++ doped CLTT crystals at 50° C 
(g) 0.047% Cu++ doped CLTT crystals at 50° C. 
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Figure (6.3a) shows the triangular point bottom etch pits with drak centers are 
observed on {110} face of pure CLTT crystals at 35° C. The etch pits having dark 
centers may be due to decoration of impurity or change in the pit slope near the 
center.  Figure (6.3b) indicates that the flat bottom etch pits on {110} face of 
0.024%Cu++ doped CLTT crystal at 50° C temperature. The flat bottom pits are blunt 
at edges. Figure (6.3c) shows the triangular point bottom etch pits observed on {110} 
face of 0.018%Mn++ CLTT crystals at 50° C. Figure (6.3d) exhibits that the triangular 
point bottom etch pits with dark centres observed on {110} face of 0.069%Mn++ 
doped CLTT crystals at 35° C. The etch pits having dark centers may be due to 
decoration of impurity or change in the pit slope near the center.  Figure (6.3e) 
suggests that the triangular point bottom etch pits observed on {110} face of 
0.098%Cu++ doped crystals at 50° C. Figure (6.3f) shows the triangular point bottom 
etch pits observed on {110} face of 0.030%Mn++ doped CLTT crystals at 50° C. 
Figure (6.3g) indicates that the triangular etch pits with blunt edge observed on {110} 
face of 0.047% Cu++ doped CLTT crystals at 50° C temperature. Some of the pits are 
flat bottom while some are point bottom. The flat bottom etch pits may corresponds to 
impurities. In some figures shallow pits on the etched planes have been also observed 
[43].  
6.6 Kinetic Parameter Study: 
 During the etching study of alkali halide crystals by various solutions, it has 
been found that nature of solvent, nature and concentration of impurities, temperature, 
stirring, undersaturation, crystallographic orientation of the surface being etched, 
segregation of impurities at dislocations and kind of dislocations affect the formation 
of etch pits [44]. Moreover, Sangwal [15] has reported the role of crystal structure, 
solvent surface orientation, additive impurities and reaction products in etching. 
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 Several authors have etched different crystal faces. Calcium sulphate dihydrate 
(gypsum) crystals were etched by using nitric acid [45] and tracking of dislocations 
was carried out on (010) plane. Gel grown strontium tartrate crystal (110) cleavage 
planes were etched by NH4Cl. It was found that contamination  of  NH4Cl by C2H5OH 
retarded the tangential etch fronts [46]. It was observed that the rate of etching 
depends on factors such as purity of the crystal, temperature of etching, stirring rate, 
concentration and type of etching solutions. Also, the etching of (110) planes of 
calcium tartrate and strontium tartrate crystals by H2O, HCOOH and CH3COOH were 
reported [15]. Nakatini [4] reported the point group determination of calcium tartrate 
by etch figures. Strontium doped calcium tartrate tetrahydrate crystal (110) cleavage 
planes were etched by Suryanarayana and Dharmaprakash [43]. 
 The defect characterization in solution-grown single crystal of magnesium 
sulphate hepta hydrate by chemical etch technique [47] by Karan and Sen Gupta. The 
etching was carried out by double distilled water, FeCL3, HCl, under saturated 
solution of KDP and saturated solution of KDP. 
 Various authors have reported dislocation etch pits by using different etchant 
on various crystals. In the present author’s laboratory dislocation etching has been 
studied extensively on various crystals, for example, Bismuth single crystals [48-51], 
antimony single crystal [52-55], anthracene single crystals [56-57], Calcite crystal 
cleavages [58-63]. 
 The effect of Mn2+ and Cu2+doping on the reactivity at etches pits in calcium 
tartrate crystals is studied. In order to study the effect of doping of Mn2+ Cu2+on 
defect characteristics, the etch pitting, kinetics of etch pitting and thermodynamic 
parameters were evaluated. The reactivity at dislocations can be conveniently studied 
by using Arrhenius equation. Interestingly the Arrhenius law has applications not only 
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in chemical reactions, but in varieties of unconventional processes, such as chirping of 
tree Cricket, chirping of ants, flashing of fire flies, rate of terrapin heart beats, alpha 
brain wave frequencies and psychological rates [64].  
The Arrhenius equation is usually used today to interpret kinetic data, the 
problem of   temperature dependence of reaction was of great deal of controversy and 
discussion during 1850 to 1910. Several empirical relations had been suggested which 
are discussed in details by Laidler [65]. The following relations can be considered for 
etch pits.    
In 1862 Berthelot  [66] proposed the equation  
W =AeDT     ------------ (13) 
Where W is the average width of etch pit, T is the absolute temperature, A and 
D are constants. This equation was supported by results of Hood [67] the parameters 
can be determined by a plot of log W versus log T. 
Harcourt and Esson [68] made their contributions to chemical kinetics by 
formulating and applying the method of integration and suggested an equation for 
temperature dependence in the following form:   
W=ATm      ------------ (14) 
Where W is the average width of etch pit, T is the absolute temperature, A and 
m are constants. The parameters can be evaluated from the plots of log W versus logT 
In 1898 Van’t Hoff [69] pointed out that most of the equations that had been 
proposed for temperature dependence were special case of the following type three 
parameter equations. 
W=ATmexp-{(B-DT2)/T}     ------------ (15)  
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By about 1910 the only one-parameter temperature dependence equation to 
survive was the Arrhenius equation [65]. This was not because it was empirically the 
best, but it provides an insight into how the reactions proceed.  
W= Ae-E/RT     Or   Log W= log A-E/RT      ------------ (16) 
Where, 
W = Average width of etch pit 
A = Frequency factor 
E = Activation energy of the reaction 
R = Gas constant   
T = Absolute temperature 
 
The frequency factor is related to the collision frequency and the steric factor. 
Boikess and Edelson [70] describe that the value of A increases if the steric factor 
increases or collisions frequency increases. In other words, a reaction will be faster if 
there is more collision or a higher percentage of the collisions have the orientation 
needed for product formation. The specific rate constant is high for fast reactions. It is 
evident from the above expression that as E, the activation energy, increases, the 
value of W decreases and consequently reaction rate decreases. The activation energy 
is considered to be a barrier to be surmounted to form the reaction product. Therefore, 
it suggest that the higher the values of activation energy slower the reaction rates.  
This equation is mainly used by the present author to evaluate activation energy and 
frequency factors at dislocations in etchant containing HCl.  
Figure (6.4) is the plots of logarithm of average value of etch pit width W 
versus reciprocal of absolute temperature T for pure and 0.01%Mn++, 0.018%Mn++, 
0.030%Mn++, 0.069%Mn++ and 0.093%Mn++ doped CLTT crystals.  
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Figure (6.4): The plots of logarithm of average width of etch pits W versus 1/T for pure   
and Mn++ doped CLTT crystals 
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Figure (6.5): The plots of logarithm of average width of etch pits W versus 1/T for pure 
and Cu++ doped CLTT crystals 
 
Figure (6.5) is the plot of logarithm of average value of etch pit width W 
versus reciprocal of absolute temperature T for pure and 0.024% Cu++, 0.025% Cu++, 
0.047% Cu++, 0.098% Cu++ and 0.111% Cu++ doped CLTT crystals. 
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The values of activation energy and frequency factor for pure and Mn++ doped 
CLTT crystals are calculated from the plots by using Arrhenius equation (8) and 
presented in table (5.1) and table (5.2) gives the values of activation energy and 
frequency factor for pure and Cu++ doped CLTT crystals. 
Table (5.1): The values of different kinetic parameters of pure and Mn++ doped CLTT 
crystals. 
Sample Activation energy (E) kJMol-1 Frequency factor (A) 
Pure CLTT 63.465 1.33X108 
0.010%Mn++ doped  53.515 1.93X107 
0.018%Mn++doped 65.477 3.14X109 
0.030%Mn++ doped 63.665 1.12X109 
0.069%Mn++ doped 58.339 1.32X108 
0.093%Mn++ doped 65.178 2.56X109 
 
Table (5.2): The values of different kinetic parameters of pure and Cu++ doped CLTT 
crystals 
Sample Activation energy (E) kJMol-1 Frequency factor (A) 
Pure CLTT 63.465 1.33X108 
0.024%Cu++ doped 48.289 2.42 X106 
0.025%Cu++ doped 73.301 6.82 X1010 
0.047%Cu++ doped  45.940 1.24 X106 
0.098%Cu++ doped 56.484 9.28 X107 
0.111%Cu++ doped 64.954 2.38 X109 
 
One can notice from the table (5.1) that the values of activation energy and 
frequency factor for 0.01%Mn++, 0.069% Mn++ doped CLTT crystals are less than 
those of pure CLTT crystals, while the values of the same for 0.018 %Mn++, 0.03% 
Mn++ and 0.093% Mn++ doped CLTT crystals are higher than pure CLTT crystals.   
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One can notice from the table (5.2) that the values of activation energy and 
frequency factor for 0.024% Cu++, 0.047% Cu++ and 0.098% Cu++ doped CLTT 
crystals are less than those of pure CLTT crystals, whereas the values of activation 
energy and frequency factor for 0.0025% Cu++, and 0.111% Cu++ doped CLTT 
crystals are higher than pure CLTT crystals.   
The nature of variation of activation energy and frequency factor is the same 
for Mn++ and Cu++ doped CLTT crystals. The doping modifies the bonding and hence 
the activation energy values for the lateral motion of ledges at the dislocations sites 
varies with doping. This also depends on the concentration of dopant atoms and their 
position in the lattice, therefore, for the certain doping concentrations the values of 
activation energy are lower than the pure CLTT and also for certain concentration 
those are higher than pure CLTT. Which also decides the rate of reaction at etch- pits.  
6.7 Thermodynamic Parameter Study:  
  The thermodynamic parameters can be estimated for the motions of ledges of 
etch pits.  Various thermodynamic parameters are obtained from the following 
standard relations [67].  
The standard enthalpy of activation, ∆#H°, was calculated by using the 
following relation,  
∆#H° = E- 2RT      ------------- (17) 
 The standard entropy of activation, ∆#S°, could be calculated by using the 
following formula,  
 
 
where, W = Average width of etch pit, k = Boltzmann constant, h = Planck’s 
constant  T = Absolute temperature, R = Gas constant  
W =  k T  X exp(∆#S°/R) X exp(∆#H°/RT)     ----------- (18)
                              h 
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 The standard Gibbs energy of activation, ∆#G°, is possible to estimate from the 
following equation 
∆#G° = ∆#H°- T ∆#S°     ------------ (19) 
 The standard change in the internal energy in passing from the initial to the 
activated state can be represented as  
E= RT + ∆#U°      ------------ (20) 
 Enthalpy is a state function whose absolute value cannot be known. ∆#H° can 
be ascertained, either by direct method or indirectly. An increase in the enthalpy of a 
system, for which ∆#H° is positive, is referred to as an endothermic process. 
Conversely, loss of heat from a system, for which ∆#H° gives negative value, is 
referred to as an exothermic process.  
 Entropy is a thermodynamic property of a system. It is a state function and it is 
defined in terms of entropy change rather than its absolute value. A spontaneous 
process has a natural tendency to occur, without the need for input work into the 
system. In contrast to this, the non-spontaneous process does not have a natural 
tendency to occur.  
 However, ∆#G° is negative for a spontaneous process. An exothermic reaction 
(∆#H° > 0) with positive (∆#S° > 0) is always spontaneous. A reaction for which ∆#H°  
< 0 and ∆#S°  < 0 is spontaneous only at low temperatures, whilst a reaction for which 
∆#H° > 0 and ∆#S° > 0 is spontaneous only at high temperatures. The temperature at 
which the reaction becomes spontaneous in each case is given by T = ∆#H° / ∆#S°.  
 The standard reaction free energy, ∆#G°, is the change in the Gibbs free 
energy, which accompanies the conversion of reactants in their standard states into 
products in their standard states. It   can be calculated from the enthalpy and entropy 
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changes for a reaction using ∆#G°   = ∆#H°  – T ∆#S° or from tabulated value for the 
standard free energy of formation ∆#G°.  
 Substances with negative values of ∆#G°f (standard free energy of formation) 
are termed thermodynamically stable. Substances which have positive values of ∆#G°f 
are termed thermodynamically unstable.  
 For spontaneous process, ∆#S° is positive and ∆#G° is negative. The 
relationship     ∆#G°  = ∆#H°  – T ∆#S° allows predictions of the conditions under 
which a reaction is spontaneous. Temperature has a major effect on spontaneity of 
reactions. For the reactions where ∆#H°  <0 and ∆#S°  <0, |T ∆#S°  | will be less than   
| ∆#H° | provided that T is small, and such a reaction will be spontaneous at lower 
temperatures. Conversely, when ∆#H° >0 and ∆#S°  >0, |T ∆#S°  | will be greater than 
| ∆#H° | provided that T is large, and such a reaction will become spontaneous at 
higher temperatures. In both cases, the temperature at which the reaction becomes 
spontaneous (when ∆#G°   = 0) is simply given by T = ∆#H° / ∆#S°  [42] [44]. The 
prediction for the processes is given in table (6.3).  
Table (6.3): The conditions for the prediction of processes 
∆#H° ∆#S°   Spontaneous or not Spontaneity favored by 
-ive +ive Under all conditions All conditions 
-ive -ive If | T ∆#S°  | < | ∆#H° | Low temperature 
+ive +ive If | T ∆#S°  | > | ∆#H° | High temperature 
+ive -ive Never No condition 
 
In the present study, various thermodynamic parameters, namely, Standard 
Entropy ∆# S° in JkMol-1, Standard Enthalpy ∆# H° in kJ Mol -1, Standard Gibbs free 
energy ∆# G° in kJ Mol -1, Standard change in internal energy ∆# U° in kJ Mol -1 are 
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calculated using equations (17-20). The results are compiled in table (4) and table (5) 
for pure, Cu++ doped and Mn++ doped CLTT crystals sample, respectively.  
 
Table (6.4): The values of different thermodynamic parameters of pure and Cu2+ doped 
CLTT crystals 
 
Sample Standard 
Entropy 
∆# S° JkMol-1 
Standard 
Enthalpy     
∆#  H° kJ Mol -1
Standard 
Gibbs free 
energy ∆# G° 
kJ Mol -1 
Standard 
change in 
internal energy 
∆# U° kJ Mol -1 
Pure CLTT -93.1362 58.26 87.41 60.86 
0.024%Cu++ -139.50 43.08 86.75 45.69 
0.025%Cu++ -53.95 68.10 84.98 70.70 
0.047%Cu++ -145.16 40.74 86.17 43.34 
0.098%Cu++ -109.33 51.28 85.50 53.88 
0.111%Cu++ -82.23 59.75 85.49 62.35 
 
One can find from table (6.4) & (6.5) that the negative values of ∆#S° and the 
positive values of ∆#H° suggest that the spontaneous nature cannot be obtained. 
 
Table (6.5): The values of different thermodynamic parameters of pure and Mn2+doped 
CLTT crystals 
Sample Standard 
Entropy 
∆# S° JkMol-1 
Standard 
Enthalpy 
 ∆#  H° kJ Mol -1
Standard 
Gibbs free 
energy ∆# G° 
kJ Mol -1 
Standard 
change in 
internal  
energy ∆# U° kJ 
Mol -1 
Pure CLTT -93.1362 58.26 87.41 60.86 
0.010%Mn++ -122.222 48.31 86.56 50.91 
0.018%Mn++ -80.5601 60.27 85.49 62.87 
0.030%Mn++ -88.2312 58.46 86.08 61.06 
0.069%Mn++ -106.231 53.13 86.38 55.73 
0.093%Mn++ -81.7548 59.97 85.56 62.57 
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The value of the standard Gibbs energy of activation remains more or less 
constant. The Gibbs energy of activation ∆#G° is assumed to follow linear relationship 
between ∆#H° and T ∆#S° with unit slope as shown by equation (11). Any effect, for 
example, that leads to a stronger binding between a solute molecule and solvent 
molecules will lower the enthalpy; it will lower entropy by restricting the freedom of 
vibration and rotation of the solvent molecules. This has been observed for 0.024% 
Cu++, 0.047% Cu++, 0.01%Mn++, and 0.069%Mn++ doped crystals, where the values of 
standard enthalpy and standard entropy are minimum. Application of more exact 
theories to these effect leads to the result that they will give rise to fairly exact 
compensation between ∆#H° and T ∆#S° and therefore, to a very small effect on ∆#G°, 
which can be seen from Table (5.4) and (5.5).  The change in values of ∆#G°  is not 
much with comparison to the changes in values of  ∆#H° and ∆#S°. However, change 
of substituent and solvent often exert their influence on ∆#H° in a rather complex 
manner, but the partial compensation between ∆#H° and T∆#S° is of such a nature that 
their influence on ∆#G°, is much simpler [69]. Kinetics and thermodynamic 
parameters were studied for etching anthracene [58], antimony crystals [57] and 
bismuth crystals [50]. 
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6.8 Conclusions: 
(1) The etchant comprising of 90cc distilled water and 10cc HCl produce well 
defined triangular etch pits on {110} plane of CLTT crystals. Crystals were 
etched at different temperatures from 30° C to 50° C at interval of 5°C. 
(2) The flat bottom etch pits were conjectured to be due to impurities in the 
crystals. 
(3) For increasing the concentration of Mn++ and Cu++ doping, no systematic 
variation in the values of activation energy, standard entropy, standard Gibbs 
free energy and standard change in internal energy was found. For certain 
concentration of doping, the activation energy, the standard enthalpy and the 
standard change in internal energy were found to be more than that of the pure 
CLTT crystals. However, the value of the standard Gibbs free energy 
remained nearly constant. 
(4) The influence of doping as well as the composition in the values of T ∆# S°  
and ∆# H° may be responsible for the nearly constant values of ∆# G°.  
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Chapter VII 
 
 
Microhardness Studies of Pure and Mn++ and Cu++  
Doped CLTT Crystals 
 
7.1 Introduction: 
Hardness is quite interesting and challenging property of materials for 
engineers and materials scientists. A child in early childhood can sense very well 
softness of a cushion or hardness of a rock. But there is a great demand to study 
scientifically hardness of various materials. However, broadly speaking the concepts 
concerning hardness are based on the resistance a solid exhibits to local deformation.  
With metal one presses a hard indenter into the surface and measures the size 
of the permanent indentation formed; a similar type of test is used for polymers and 
other materials that flow plastically. With rubber-like materials, an indenter is pressed 
into the material and assessed how far it has sunk in under load.  In the case of 
minerals and brittle solids the classical method is to scratch one mineral by another of 
specified hardness number. All these techniques of determination of hardness are 
essentially means of giving a quantitative value to the materials ability to resist load 
deformation Stillwel [1]. Defined hardness as resistance against lattice destruction, 
whereas Ashby [2] stated it as the resistance offered by a solid to permanent 
deformation.  
There are several concepts by which hardness is manifested. Hardness is like 
the storminess of the sea, easily appreciated but not readily measured (or defined) [3].  
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Hardness is a measure of the resistance (of the material) to permanent deformation or 
damage [2]. Hardness is not a single property but rather a whole complex of 
mechanical properties and at the same time a measure of intrinsic bonding of the 
material [4]. Also, there are clear connections between chemical bonding, hardness 
and dislocation mobilities [5]. However, the precise definition of hardness depends 
entirely on the method of measurement [6]. According to well accepted definition the 
hardness is the resistance to the movement of dislocations [7]. 
 This shows the complexity of the concept of hardness. Out of many hardness 
testing methods, one may consider the common method of determining hardness. This 
consists of indenting a solid surface by a loaded indenter of a definite geometrical 
shape and measuring the contact area between the indenter and the material. The ratio 
of the load and the contact area is the experimental definition of hardness. 
For quite some time, only metallurgists and mineralogists were interested in 
hardness. However, in the last several decades, physicists and chemists also have 
involved themselves in studies of hardness. Discussion of various aspects of hardness 
and data on a large number of materials are found in various source [3-6, 8]. 
In order to describe the ISE (Indentation Size Effect) and RISE (Reverse 
Indentation Size Effect) behavior of material, several models for relation between 
applied indentation test load and indentation diagonal length have been reported in 
literature [3, 9] and in this chapter it has been explained with the help of Meyer’s 
law/Kick’s law, Hays and Kendall’s approach and Proportional Specimen Resistance 
(PSR) model for pure and doped CLTT crystals. The behaviour of cracking around 
indentation is also studied. 
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7.2  Methods of Hardness Tests: 
 When the indenter is pressed, against the surface of the material under test it 
creates dislocations. As the indentation continues, newly created dislocations push the 
dislocations created earlier. These dislocations move in some preferred directions in 
 the crystal depending on the slip system. This motion of dislocations is obstructed by 
at least four factors, viz.: 
1. Impurities and precipitates present in the material (impurity hardening) 
2. Other dislocations present in the material (dislocation hardening)  
3. Grain boundaries (grain boundary hardening). 
4. The chemical forces in the lattice of the material (intrinsic hardness).  
This is explained in a figure (7.1). 
 
Figure (7.1): Schematic diagram of resistance to motion of dislocations [Ref. 14]. 
Thus, the hardness of a pure (free from impurities) and well-annealed (free 
from excessive number of dislocations and grain boundaries) crystal represents the 
intrinsic hardness which reflects the bond strength. The low-load indentation method 
of hardness testing is popular because it offers several advantages viz.:  
1. It is simple and does not consume much time 
2. It can be used on samples with small areas, e.g. small crystals 
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3. It can be used on brittle materials which cannot withstand large loads, e.g. glasses. 
For quite some time, only metallurgists and mineralogists were interested in 
hardness. However, in the last several decades, physicists and chemists also have 
involved themselves in studies of hardness. Discussion of various aspects of hardness 
and data on a large number of materials are found in books [3-6], compilations [7-8, 
10-14] and also in several articles strewn over many scientific journals.  
Several methods are available for the measurement of hardness. Shaw [12] has 
listed various hardness tests and categorized them. Nevertheless, the most commonly 
used form of measuring hardness of sample is the indentation type. An elaborate 
description of these methods, with their relative merits and demerits, is given in the 
books by Tabor [3] and Mott [6] in their books. 
The methods of hardness test are generally categories as follows: 
7.2.1   Dynamic Hardness: 
 In this type of test an indenter is dropped from a given height on the surface 
and the depth of the impression produced is measured. The hardness is expressed in 
terms of energy of the impact and the depth and size of the indentation. 
• Scratch Hardness: 
 This test is oldest form of hardness measurement and was probably developed   
by minerologists. In this test it is merely observed whether one material is capable of 
scratching another. In second form of this method, the hardness number is expressed 
in terms of width or depth of a scratch made with a diamond or a steel indenter, under 
a definite load traversing the surface at a steady rate. 
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•   Rebound Hardness: 
 The hardness is given by the height of rebound of diamond tipped weight 
falling on the surface from a fixed height. The Shore Scleroscope is an instrument of 
this type.  
•  Plowing Hardness: 
 In which a blunt element is moved across a surface under controlled 
conditions of load and geometry and the width of the groove is the measure of 
hardness. The Bierbaum test is of this type. 
• Cutting Hardness: 
 Sharp tool of given geometry is caused to remove a chip of standard 
dimensions. 
•   Damping Hardness: 
 In this test change in amplitude of a pendulum having hard pivot resting on 
test surface is the measure of hardness. The Herbert pendulum test is of this type. 
•   Abrasion Hardness: 
Specimen is loaded against a rotating disk and the rate of wear it taken as a 
measure of hardness.  
•    Erosion Hardness:  
 Sand or abrasive gram is caused to impinge upon the test surface under 
standard conditions and loss of material in given time is considered as the measure of 
hardness. 
7.2.2 Static Indentation Test: 
  There are three types of tests used with accuracy by the metal industry; they 
are, the Brinell hardness test, the Rockwell hardness test, and the Vickers hardness 
test. Since the definitions of metallurgic ultimate strength and hardness are rather 
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similar, it can generally be assumed that a strong metal is also a hard metal. The way 
the three of these hardness tests measure a hardness of metal is to determine the 
resistance of metal to the penetration of a non-deformable ball or cone. The tests 
determine the depth with such a ball or cone will sink into the metal, under a given 
load, within a specific period of time. 
 The micro-indentation hardness is often found dependant on the geometry of 
indenter used for indentations. Many workers have attempted to analyze this kind of 
influence of indenter. When pointed indenters such as cones, pyramids or wedges are 
used, the impression made at different loads is geometrically similar; the mean 
pressure is independent of the size of the indentation but varies with the apex angle. 
Hill et al. [15] obtained solution for indentation of plastic rigid solid by a wedge. The 
mean indenter pressure increases with the angle of the wedge for a semi-angle of 900, 
when the indenter turned to a flat punch, the indentation pressure is  about 2.6 times 
the pressure at zero angle. The indentation pressure varies with ratio of depth to 
breadth of the indentation in the opposite sense from earlier consideration. Samules 
and Mulhearn [16] reported the surface deformation associated with indentations 
made by pyramidal indenter. They found that indentation appeared to be produced by 
a compression mechanism rather than cutting type. Later on, Mulhearn [17] showed 
the mechanism of indentation depends on the angle of the indenter. Atkins and Tabor 
[18] have shown that disparities between the results obtained by earlier workers on 
indentations using conical indenter are due to difference in the degree of work-
hardening of the specimens used. They have reported that the work-hardening exerts a 
very significant effect on the variation of apparent hardness with the cone angle. 
According to the theory proposed by Hill [9] it has been assumed that for wedge 
indentation the indenter is frictionless. However, Grunzweig et al. [10] have analyzed 
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the problem allowing for friction and show that the effect is to rise the apparent 
indentation pressure by amount which depends upon the angle of wedge and the 
coefficient of friction. 
 It has been shown that the mechanism and extent of the deformation of 
materials by wedges depends upon the angle of the indenter, and on the elasticity of 
the indented material as well as on yield point. The theory for a plastic rigid solid 
applies only when the angle of the wedge is acute and the materials are of low 
elasticity. At more acute angles, the mechanism of deformation becomes one of radial 
compression. This mode is favoured when more elastic materials are used [19]. It has 
been shown that the indentation pressure approximates to that for expansion of semi- 
cylindrical cavity in an infinite elastic medium with definite yield point and takes the 
form as  
 P/Y=m ln(E/Y)+C -----------------------(7.1)    
Where m and C are constants, E is the Young modulus, Y the yield point in simple 
extension and P the flow pressure. The value of C depends on the change of the 
wedge. However, Marsh [20] obtained results of such a dependence using 1360 
pyramidal indenter. But elastic effect are more important in wedge indentation rather 
than for pyramidal induction, which shown by Hirst and Horce [19]. The pressure 
distribution on the indentation has been determined by the authors. 
The followings are the most common hardness test methods. 
• Rockwell Hardness Test: 
 The Rockwell Hardness test is based on the net increase in depth of 
impression as load is applied. The hardness number has no units and higher the 
number in the scales means the material becomes harder. The indenter may either be a 
steel ball of some specified diameter or a spherical diamond-tipped cone of 120° 
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angle and 0.2 mm tip radius. The type of indenter and the test load determine the 
Hardness scale (A, B, C, etc). A minor load of 10 kg is first applied, which causes an 
initial penetration and holds the indenter in place. Then, the dial is set to zero and the 
major load is applied. Upon removal of the major load, the depth reading is taken 
while the minor load is still on. The hardness number may then be read directly from 
the scale. With the Rockwell hardness tester, the hardness is indicated directly on the 
scale attached to the machine. This dial like scale is really a depth gauge, graduated in 
special units. The Rockwell hardness test is the popular and versatile one. 
• Brinell Hardness Test: 
 Brinell hardness, is determined by forcing a hard steel or carbide sphere of a 
specified diameter under a specified load into the surface of a material and measuring 
the diameter of the indentation left after the lest. The Brinell hardness number, or 
simply the Brinell number, is obtained by dividing the load used, in kilograms, by the 
actual surface area of the indentation, in square millimeters. The result is a pressure 
measurement, but the units are rarely stated. The Brinell hardness test uses a desk top 
machine to press a 10mm diameter, hardened steel ball into the surface of the test 
specimen. The machine applies a load of 500 kilograms for soft metals such as copper 
and brass. A 1500 kilogram load is used for aluminum castings, and a 3000 kilogram 
load is used for materials such as iron and steel. The load is usually   applied for 10 to 
15 seconds. After the impression is made, a measurement of the diameter of the 
resulting round impression is taken. The hardness is calculated by dividing the load by 
the area of the curved surface of the indention, however, the area of a hemispherical 
surface is arrived at by multiplying the square of the diameter by 3.14159 and then 
dividing by 2. Among the three hardness test, the Brinell ball makes the deepest and 
widest indentation, so the test averages the hardness over a wider amount of material, 
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which will more accurately be account for multiple grain structures, and any 
irregularities in the uniformity of the alloy. 
• Vickers Hardness Test: 
 Vickers hardness is a measure of the hardness of a material, calculated from 
the size of an impression produced under load by a pyramid-shaped diamond indenter. 
The indenter employed in the Vickers test is a square-based pyramid whose opposite 
sides meet at the apex at an angle of 136°. The diamond is pressed into the surface of 
the material at loads ranging from 5g to 50g and the size of the impression (usually no 
more than 0.5 mm) is measured with the aid of a calibrated microscope.  
 
 
 
 
Figure (7.2): Schematic Diagram of Vicker’s Indentation Mark 
The Vickers number (Hv) is calculated using the following formula: 
Hv = 1.854(P/d2)  ---------------  (7.2)                                                                         
where P being the applied load (measured in kilograms) and d2, the area of the 
indentation (measured in square millimeters). The units are conventionally in kg/mm2 
but nowadays in SI units it is measured in GPa and MPa. The   Vickers hardness test 
is reliable for measuring the hardness of metals, and also used on ceramic materials. 
The Vickers testing method is, however, similar to the Brinell test. Rather than using 
the Brinell’s steel ball type indenter and calculating the hemispherical area of the 
impression; the Vickers hardness machine uses a penetrator that is square in shape 
and tipped on one corner so it has the appearance of a playing card "diamond" as 
indicated in figure (7.2). The Vickers indenter is a   136° square-based diamond cone, 
                                                                                                  Chapter VII…                              
                                                            
 
                                             Microhardness Studies of pure & doped CLTT crystals 
226
the diamond material of the indenter has an advantage over other indenters because it 
does not deform over time and use. The impression left by the Vickers penetrator is a 
dark square on a light background. Several loadings give practically identical 
hardness numbers on uniform material, which is much better than the arbitrary 
changing of scale with the other hardness machines. A filar microscope is swung over 
the specimen to measure the square indentation to a tolerance of plus or minus        
1/1000 of a millimeter. Measurements taken across the diagonals to determine the 
area are averaged. The correct Vickers hardness designation is the number Hv 
(Hardness Vickers). The advantages of the Vickers hardness test are that it is 
extremely accurate in taking readings, just one type of indenter is used for all types of 
metals and other types surfaces and it provides the non-destructive test. It is also very 
precise for testing the softest and hardest of materials, under the varying loads. The 
Vickers hardness instrument is a floor standing unit that is rather more expensive than 
the Brinell or Rockwell machines. Sophisticated instruments use microprocessor 
controls, automated diagonal and hardness measurement facilities. The present author 
has used Vickers hardness set up for the measurement of hardness of pure and doped 
CLTT crystals.  
• Knoop Hardness Test: 
This is a modification to the Vickers hardness test. In this test, a typical 
elongated diamond pyramid-shaped indenter with angles between long and short 
edges being 172°30 and 130° respectively, is employed, which makes a  
rhombohedral impression with one diagonal seven times longer than the other. The 
hardness of the material is determined by the depth to which the Knoop indenter 
penetrates. The indenter is pressed into the material under different loads that are 
often less than one kilogram, which leaves a four-sided impression about 0.01 to 0.1 
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mm in size. The length of the impression is approximately seven limes the width, and 
the depth is 1/30 the length. The area of the impression under load can be calculated 
after measuring only the length of the longer diagonal with the aid of a filar eye piece 
of microscope. The Knoop hardness (HK) is derived from the following formula: 
 Hk =14.229(P/d2)  --------------------  (7.3) 
Where P being the applied load (measured in kilograms) and d2 the area of the 
indentation (measured in square millimeters). Knoop hardness numbers are often cited 
is conjunction with specific load variation. Aside from a minor savings of time, one 
chief merit of the Knoop test is the ability to test thin layers more easily. For surfaces 
with varying hardness, such as case hardened parts, Knoop indents can be spaced 
closer together than Vickers indents. Thus, a single Knoop traverse can define a 
hardness gradient more simply than a series of two or three   parallel   Vickers 
Traverses in which each indent is made at different depths. Furthermore, if the 
hardness varies strongly with the depth, the Vickers indent is distorted by this change; 
that is, the diagonal parallel to the hardness change is affected by the hardness 
gradient, while the diagonal perpendicular to the hardness gradient remains 
unaffected. 
7.3 Nanoindentation: 
Nanoindentation is used for measuring hardness at very small length scales. 
The commonly used indenter for nanoindentation is the Berkovich diamond indenter 
which is a triangular diamond pyramid. In this, the lateral dimension of the contact 
impression is approximately seven times the depth. So measurements are possible for 
contact impressions with lateral dimensions 0.1 µm. A detailed procedure for the 
determination of mechanical properties of very thin coatings and fims using a 
nanoindentation technique was first described by Oliver and Pharr [13]. 
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7.4 Experimental Technique:  
 These crystals were grown by the gel method described in chapter III section 
A. Pure and Mn++ and Cu++ doped CLTT crystals were subjected for microhardness 
studies. Indentations were made on (110) face of pure and doped crystals. The micro 
hardness experiments were conducted with Vaiseshika Vickers's microhardness tester, 
which is shown in figure (7.3). The instrument comprises of microscope with a filar 
micrometer eyepiece mounted   on   stand.   A   loading and   unloading mechanism 
attached to the microscope for taking indentation of a diamond indenter on a 
specimen surface under certain load in grams. An illumination system is mounted on 
the microscope and a rotating table brings the indented surface under the objective 
lens.  
 
  
 
 
 
 
 
 
 
 
                                         (a)                                                (b) 
 Figure (7.3): (a) Vaiseshika Vickers's microhardness tester, (b) Indentation Mark 
First the sample is brought under the line of micrometer eye piece and smooth 
surface is selected for the indentation. Then selected weight is placed on the flat 
portion (or the holder) on the indenter. After rotating the sample 180°counter 
clockwise, the specimen is brought under the indenter. Thereafter, by releasing the 
level the indenter is brought into contact with surface for specific time (for example 5 
seconds) and then the indenter was raised by lifting the lever. Ultimately, the sample 
was brought back under the microscope by rotating the table clockwise. The indention 
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impression was focused and measured by using filar eye piece. The least capacity was 
0.0001428mm. At particular load, minimum five different indentations were made 
and between two indentations marks enough distance was left (of the order of 4 to 5 
indentation mark size) so that they did not have any mutual influence. The average 
value of the hardness was obtained and the experiment was repeated for other load 
values. In the present work, 10 second indentation time was keep constant and  the 
loads were selected as 5, 10, 15, 20, 30 and 50 grams. The indenter specifications are 
given in table (1). 
Table (7.1): Specification of the microscope 
Viewing System 
     Range              05 Vickers to 1500 Vickers 
 Objective            40X 
 Micrometer   Eyepiece 10X 
 Total magnification  400X 
 Working Distance  ~1mm 
 Least count  0.0001428 mm 
Illumination System 
 Lamp    6V, 20W 
Indentation System 
 Loading/ unloading Mechanism 
 Weights   05, 10, 20, 50, 100 & 200gm(s) 
 Indenter   Diamond Pyramid with an angle of 136° 
Specimen Table 
 Angle of turn   0 to 180° 
 Longitudinal travel  0 to 10mm 
 Crosswire travel  0 to 10mm 
 Micrometer feed scale 0.01mm/div 
Total weight of the system   Appr. 20kg 
Diamonds    Appr. 340x290x380mm 
Accuracy    ± 20 Vickers 
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The indentation marks produced were square in shape shown in figure      
(7.4a-f). From the mean diagonal length (d), the Vickers hardness, was calculated 
using the following formula  
VHN=1.854X P/d2 ---------- -(7.2) 
where P is the applied load in kilogram and is the mean diagonal length in mm. 
 
           
 
 
 
 
                      
(a)           (b) 
 
 
 
 
 
 
 
 
 
(c)           (d) 
 
 
 
 
 
 
 
 
 
(e)           (f) 
 
Figure (7. 4a-f): Indentation marks on {110} face of (a) pure CLTT crystals at 5g 
 load, (b) 0.103% Mn++ doped CLTT crystals at 10g load, (c) 0.030% 
 Mn++ doped CLTT crystals at 15g load, (d) 0.047% Cu++ doped CLTT 
 crystals at 20g load, (e) 0.098% Cu++ doped CLTT crystals at 30g load, 
 (f) 0.111% Cu++ doped CLTT crystals at 10g load. 
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 Figure (7.4a-f) shows the indentation marks obtained on {110} face of pure, 
Mn++ and Cu++ doped CLTT crystals.  Figures (7.4a-f) are the photomicrographs of 
the Vickers indentation marks taken on the {110} face of pure CLTT crystal at 5g 
load, 0.103% Mn++ doped CLTT crystal  at 10g load, 0.030% Mn++ doped CLTT 
crystal at 15g load, 0.047% Cu++ doped CLTT crystal at 20g load, 0.098% Cu++ doped 
CLTT crystals at 30g load and 0.111% Cu++ doped CLTT crystals at 50g load 
respectively. One can observed cracks propagating in particular fashion around the 
indentation marks in certain cases. The brittleness of samples is studied and discussed 
separately by the author.    
The impurity has prominent effect on hardness. It is a well-known fact that 
dilute addition of divalent impurity has an appreciable effect on the hardness of alkali 
halide crystals. For each divalent ion introduced in to the lattice appositive ion 
vacancy is formed and these defects are distributed in various ways. The impurity ions 
and vacancies could be present as individual defects independent of one another or 
they may be present as impurity vacancy complexes or as larger aggregates. All these 
defects act as obstacles to dislocation motion, therefore, increasing the hardness of the 
crystals. Rao and Haribabu [21] have studied the effect of the distributed impurities 
and their state of dispersion on hardness of crystals from micro hardness 
measurements on KCl crystals doped with Ca, Ba, and Sr. It has been observed that 
small addition of impurity increases the hardness; whereas at high concentration of 
impurity, visible precipitates are observed which result in the decrease of hardness. 
Recently it has been found that in NLO material L –arginine dihydrogen phosphate 
crystals, the metal doping showed harder crystals than pure and amino acid 
substituted crystals [22].  
                                                                                                  Chapter VII…                              
                                                            
 
                                             Microhardness Studies of pure & doped CLTT crystals 
232
7.4  Effect of Load on Microhardness in Pure and Doped CLTT Crystals: 
Hardness is not an intrinsic material property directed by precise definitions in 
terms of fundamental units of mass, length, and time. Hardness is independent of load 
but this theory is only valid for large indentations. The microhardness number may 
increase with decreasing load for small loads. Since fewer numbers of dislocation 
become available for slip in such small volumes of the crystal. If more than one slip 
system exists, increasing the load may activate a secondary system, there by 
decreasing the hardness of the material. 
The variation in the Vickers microhardness number with load has been studied 
widely on large number of materials [23-25]. However, some of the reported results 
indicate that the microhardness of a given material is constant above a critical size of 
penetration of the indenter impression but below this size a steady increase in 
microhardness occurs as the load decreases. [6, 26-29]. Gane and Cox [30] have put 
forward an alternative explanation suggesting that the increase in microhardness at 
small indentation size is due to an increase in the stress necessary to operate 
dislocation sources in a perfect crystal region.  The size of the dislocation of the 
rosette produced around micro-indentation is useful and convenient test for 
determination of mechanical strength of single crystals. Palanisamy [31] has studied 
the indenter impression at different loads on Li2CO3 crystals and subsequently etched 
them. Micro-indentation hardness along with chemical etching has been reported on 
many organic molecular crystals [32-35]. Moreover, the variation of Vickers 
microhardness with load has been studied at different temperatures in antimony single 
crystals [36]. The position of the peaks in the microhardness versus load curves were 
identified by them due to slip systems operative. Earlier, the nature of Vickers 
microhardness variation with load was studied by Vaghari [37] and Joshi [38] for 
                                                                                                  Chapter VII…                              
                                                            
 
                                             Microhardness Studies of pure & doped CLTT crystals 
233
bismuth single crystal cleavages. The variation of microhardness with applied load 
was also studied on many organic molecular crystals like anthracence and benzoic 
acid [35, 39-42]. Altogether, the variation of Vickers microhardness with load was 
studied for KDP crystals grown with organic additives; it was found that the hardness 
values increased for different additive values [43].  
According to Patel and Arora [44] Vickers hardness increases as load 
increases for strontium tartrate crystals [44]. Apart from this, the variation of Knoop 
hardness with load and the orientation of strontium tartrate crystals were studied by 
Joseph [45]. However there are recent studies on the temperature and dwell time 
effect on hardness [46] and hardness variation across bulk metallic glass [47].  
The values of Vickers microhardness at different applied load are calculated 
by using the relation (7.2). The applied load in Newtons (N) and the microhardness in 
mega Pascals (MPa). 
The variation of Vickers microhardness with load is shown in figure (7.5) and 
figure (7.6) for Mn++ and Cu++ doped CLTT crystals, respectively. From these figures 
it is observed that as the load increases the value of hardness decreases rapidly 
initially and thereafter becomes constant. During indentation, indentor first penetrates 
the distorted zone of the surface layer. Therefore, we observed a decrease in the 
hardness of the material for increasing load. As the depth of indentation increases 
with load, the effect of the inner layers become more and more prominent than the 
surface layer and the indentor reaches a depth at which undistorted materials exist and 
therefore, no change is observed in the value of hardness with load [48].    
From figures (7.5) and (7.6) it can be observed that as the amount of doping of 
Mn++ and Cu++ increases the microhardness value decreases at high load regions. The 
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doping of metallic impurity facilitates the slip mechanism and makes the sample 
softer. 
This supports the concept of Onitch [49] that if n < 2 the microhardness 
number decreases as the load increases. In the low-load regions the resistance offered 
by the material may be comparable with the applied loads, resulting in a higher value 
of microhardness. However, at higher loads the plastic flow of the material may be 
higher and hence the resistance offered by the material is negligible, therefore, the 
value of microhardness decreases with increase in the value of applied loads.    
The hardness is related to yield stress by  
                                         
  H = 2.78σ y         -------------    (7.4) 
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Figure (7.5): Plots of Hv versus P       Figure (7.6): Plots of Hv versus P 
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 This has been used for the materials that do not work-harden appreciably [50]. 
It is found experimentally that best fit values are obtained for the following equation 
[51].  
H = 3σ y        --------------- (7.5) 
 This has been calculated for high load region for pure and Mn++ and Cu++ 
doped CLTT crystals and tabulated in table (7.2) 
 The first order elastic stiffness constant (C11) has been evaluated for pure and 
Mn++ and Cu++ doped CLTT crystals using Wooster’s empirical relation [52] as 
follow: 
log C11 =(7/4) log Hv -----------------(7.6) 
  Where Hv is constant microhardness. The respective values are tabulated in 
table (7.2). 
    Table (7.2): The values of yield stress (σ y) and first order elastic stiffness constant  
   (C11 ) at 50g  load 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Yield Stress
σ y     Mpa 
First order elastic 
stiffness constant 
C11 MPa 
Pure CLTT 280.72 131655.50 
0.010%Mn++ 266.63 120307.98 
0.018%Mn++ 241.45 101135.95 
0.030%Mn++ 233.84 95627.88 
0.069%Mn++ 228.37 91747.83 
0.093%Mn++ 228.37 91747.83 
0.024%Cu++ 226.59 90499.58 
0.025%Cu++ 221.38 86883.49 
0.047%Cu++ 219.68 85719.52 
0.098%Cu++ 218.00 84575.52 
0.111%Cu++ 216.33 83451.07 
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7.5  Application of Kick’s law: 
 As early as in 1885, Kick [53] proposed analysis of results on hardness and 
according to that the relation between applied loadP and indentation length d can be 
presented by     P = a dn     -------------------  (7.7) 
 Where P is the applied load in grams (or Newtons), d is the observed diagonal 
length of indentation, and n are constants for a given material. Kick postulated a 
constant value of n= 2 for all the indenters and for all geometrically similar 
impressions. Nevertheless, Kicks law did not receive wide acceptance on account of 
the fact that n usually has a value less than 2, particularly in the low load regions. If n 
is less than 2, the hardness number increases with decreasing load, and if n is greater 
than 2, it decreases as the load is decreased [53]. The constant a is also known as the 
standard hardness. 
Variations of microhardness with applied loads are usually explained for 
pyramidal indenter by Kick's law [53] and spherical indenter by Meyer’s law [6].  
Later on Kick's law was modified by Hay and Kendall [54].  
The relationship (7.7) between the load and the size of indentation can be 
represented as follows: 
log P = log a + n log d--------(7.8) 
  Since the relation between log P and log d is linear, the slope of this straight 
line gives the value of constant n and from the intercept on log P axis the value of a 
and n have been determined for pure, 0.0103%, 0.0176%, 0.0301%, 0.0696% and 
0.0935% Mn++ and 0.024%, 0.025%, 0.047%, 0.098% and 0.111% Cu++doped CLTT 
crystals and mentioned n table (7.3) and (7.4) respectively.   
 In order to analyze the ISE (Indentation Size Effect) in the hardness testing, 
one needs to fit the experimental data according to Kick's law. The behaviour of the 
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change in microhardness with the applied load can also be studied by obtaining the 
value of n. 
 The variation of microhardness with load and its nature of the value of n is 
widely studied for various materials. Haneman and Schultz [55] from their 
observations on variations of P with d reported that in the low load region, n generally 
has a value less that 2. Onitsch [56] also found such low values of n [57-58] by 
observing variation of microhardness with load. While Grodzinski [57] found 
variation of n values from 1.3 to 4.9 in various materials. Knoop[58] observed an 
increase in hardness with decrease in load whereas, Camphell et al [59] and Mott [60] 
observed a decrease in hardness with decrease in load. On the other hand, Taylor [61] 
and Toman et al [62] have reported no significant change in the microhardness value 
with variation of load. Such contradictory results [63-65] may be due to the effect of 
the surface layers and vibrations produced during the work. Gane et al [66] studied 
the microhardness at very small loads. They observed a sharp increase in 
microhardness at small indentation size suggest that this increase may be due to the 
high stresses required for homogeneous nucleation in small dislocation free regions 
indented. On the contrary, Ivan'ko [67] found a microhardness decrease with decrease 
in load and concluded that this dependence is due to the relative contributions of 
plastic and elastic deformations in the indentation process. In view of these different 
observations, it has become rather difficult to establish any definite relationship of 
general validity between P and d or H and P.  
 The Kick,s law was applied to variation of Vickers microhardness with load in 
several organic molecular crystals and it was found that n=2 for anthracene and 
benzoic acid crystals but n=1.8 for phenanthrene crystals [37]. In case of several non 
linear optical (NLO) crystals L-histyidineium perchlorate (LHPC), L-histyidineium 
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bromide monohydrate (LHB), L-histyidineium dihydrogen phosphate 
orthophosphoric acid (LHDP) and L- arginium bis (Dihydrogen phosphate) (LADP), 
the application of Kick’s law to the variation of hardness with load gave the work 
hardening coefficient less than 1, but for LHPC  it gave more than 2 [68]. Also, 
Vaidya [69] applied Kick’s law to the Vickers hardness profile with applied load for 
bismuth and bismuth-zinc systems. Notwithstanding, some studies have suggested 
more than one value of coefficient n. Saraf [70] obtained two different values of n for 
higher and lower load regions in the case of baryte crystals. Ambujam [71] has 
reported the profile of Vickers microhardness variation with load for γ-glycine 
crystals. The reverse indentation size effect (ISE) was predicted from the Kick’s law 
plots of logP verses logd. The work hardening coefficient or the Meyer index n was 
found to be 2.58. The reverse ISE suggests that the apparent microhardness increases 
with increasing applied test loads, which has been critically examined by Sangwal 
[72-73] for a number of crystals. This reverse ISE has been examined in terms of the 
existence of a distorted zone near the crystal- medium interface, effect of vibrations 
and indenter bluntness at low loads, the applied energy loss as a result of specimen 
chipping around the indentation and the generation of median or radial cracks during 
the indenter loading half-cycle. In case of reverse ISE, a specimen does not offer 
resistance or undergo elastic recovery, as postulated in some of the models, but 
undergoes relaxation involving a release of the indentation stress along the surface 
away from the indentation site. This leads to a large indentation size and hence to a 
lower hardness at low loads. It was found that the reverse ISE phenomenon occurs 
only in materials in which plastic deformation is predominant. Vaidya [69] also 
observed reverse ISE in certain Bi-Zn systems. An empirical procedure for correcting 
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microhardness values for the size effect has been discussed in detail by Tirupatiah and 
Sundrararajan [74] in the low load region. 
Figure (7.7a-f) and figure (7.8a-e) are plots of logP against logd of pure and 
0.0103%, 0.0176%, 0.0301%, 0.0696% and 0.0935% Mn++ doped CLTT crystals and 
0.024%, 0.025%, 0.047%, 0.098% and 0.111% Cu++ doped CLTT crystals samples. 
These plots are depicting the equation (7.3). 
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Figure (7.7.a-d): Plots of  log P versus log d  (a) for pure CLTT  (b) for 0.0103% Mn++, 
(c) for 0.0176% Mn++  and (d) for 0.0301% Mn++ doped CLTT crystals 
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From tables (7.3) and  (7.4) one can easily conclude that the values of work hardening 
coefficient n and the constant a (some times called as standard hardness) are 
comparatively low in Mn++ doped CLTT crystals than in the Cu++ doped CLTT 
crystals. 
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Figure (7.7.e-f): Plots of log P versus log (e) for 0.0696% Mn++ and (f) for 0.0935% Mn++ 
doped CLTT crystals                        
 
 
Table (7.3):  Values of ‘n’ and ‘a’ for Mn++ doped CLTT crystals 
 
 
 
 
 
 
                                
    Work hardening 
coefficient n 
Constant  a 
in g 
Pure CLTT 1.6156 11486.824 
0.010%Mn++ 1.6176 11043.328 
0.018%Mn++ 1.627 10597.416 
0.030%Mn++ 1.671 12164.660 
0.069%Mn++ 1.679 12251.802 
0.093%Mn++ 1.635 10099.502 
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Figure (7.8a-d): Plots of logP versus logd (a) 0.024% Cu++, (b) 0.025% Cu++, (c) 0.047% 
Cu++, (d) 0.098% Cu++ and (e) 0.111% Cu++ doped CLTT crystals 
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Table (7.4): Values of ‘n’ and ‘a’ for Cu++ doped CLTT crystals 
 
 
 
 
 
 
 
7.6 Application of Hays and Kendall law: 
In the present study, the microhardness has a relatively larger value at low 
loads. The microhardness shows a steep decrease with increasing loads up to about 
0.294N and thereafter the microhardness becomes almost constant. Mott [6] quotes 
several reports where such behaviours have been observed. Pratap and Hari Babu [75] 
in their study of ammonium halide crystals and Kotru [76] in his study of rare-earth 
compound crystals observed similar load dependence. 
According to the approach of Hays and Kendall [54] this type of load variation 
can be due to the sample exerting a Newtonian pressure on the loaded indenter. This 
resultant pressure (W) is a function of the material being tested and represents the 
minimum applied load to cause an indentation as the load (W) will allow no plastic 
deformation. With this approach (1) may be written as 
P -W = K d2 ------------------(7.9)         
where K is the constant, d is the diagonal length, W is the pressure and P load 
 The P versus d2 plot in such a case has a positive intercept on the P-axis. This 
intercept represents the value of W. With the applied load P reduced by the term ‘W’, 
the hardness is calculated from 
Sample Work hardening 
coefficient n 
Constant a  
in g 
Pure CLTT 1.6156 11486.824 
0.024%Cu++ 1.595 8845.044 
0.025%Cu++ 1.562 7748.185 
0.047%Cu++ 1.579 8163.943 
0.098%Cu++ 1.594 8517.261 
0.111%Cu++ 1.566 7636.599 
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Hv = 1854.4 (P -W)/d2  ------------  (7.10) 
 It is load independent and represents the true value. 
 However attempts have been made to study the mechanical response indicated 
by Knoop indentation of cleavage faces of natural rhombohedral calcite crystals on 
the basis Kick’s law and modified Kick’s law [77]. The response of cleavage faces for 
low load region and high load region of applied load were studied. Recently, Vaidya 
[69] has applied Hays and Kendall relation to her Vickers hardness data of bismuth 
and bismuth-zinc systems 
Figure (7.9) and figure (7.10) are the plots of P versus d2 for pure, Mn++ and 
Cu++ doped CLTT crystals, respectively. In these plots the intercept on load axis 
represents the value of W, estimated and listed table (7.6) for Mn++ table (7.7) and for 
Cu++ doped CLTT crystals, respectively. The load independent hardness is calculated 
by using relation (7.10) which is compiled in table (7.6) and (7.7) for Mn++ and Cu++ 
doped CLTT crystals, respectively. It can be noticed that on increasing the dopant 
concentration the load independent hardness decreases for both Mn++ and Cu++ 
dopings. 
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Figure (7.9): Plots of d2 versus P for pure and Mn++ doped CLTT crystals 
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Table (7.5): Values of load independent Hv and Hays and Kendall intercept ‘for Mn++ 
doped CLTT crystals 
 
 
Sample load independent  
Hv average in MPa/m2 
Intercept on P 
axis = W in g  
Pure CLTT 800.46 2.245 
0.010%Mn++ 767.57 2.098 
0.018%Mn++ 691.64 2.158 
0.030%Mn++ 668.16 2.094 
0.069%Mn++ 654.84 2.016 
0.093%Mn++ 651.40 1.837 
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Figure (7.10): Plots of d2 versus P for pure and Cu++ doped CLTT crystals 
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Table (7. 6): Values of load independent Hv and Hays and Kendall intercept for Cu++ 
doped CLTT crystals 
Sample load independent  
Hv average in Pa/m2 
Intercept on P 
axis = W in g 
Pure CLTT 800.46 2.245 
0.024%Cu++ 662.75 1.935 
0.025%Cu++ 643.04 2.205 
0.047%Cu++ 641.41 2.054 
0.098%Cu++ 639.21 1.389 
0.111%Cu++ 637.59 1.921 
 
 
7.7 Proportional Specimen Resistance (PSR) model: 
Recently Li and Bradt [78] explained the ISE with help of general model of 
Proportional Specimen Rsistance (PSR). According to PSR model the microhardness 
can be described with two components, the first term represents the frictional forces 
between the test specimen and indenter facets and the elastic resistance of the test 
specimen. The indentation test loads P is related to indentation size d [78] as, 
P = a1d+a2d2   --------------------  (7.11)         
where, a1 coefficient is the contribution of proportional specimen resistance to 
apparent microhardness and a2 coefficient is related to the load independent 
microhardness or load independent constant.  The parameter a1 characterizes the load 
dependence of hardness. Li Bradt [78] suggested that a1/a2 can be considered as a 
measure of the residual stress and these are connected with defect. The term a1d has 
been attributed to the specimen surface energy [79-80], the deformed surface layer 
[81] and  the indenter edges acting as plastic hinges [82] and the proportional 
specimen resistance [78,83]. 
P/d = a1 + (Pc / do2) d ---------------------- (7.12)      
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Pc is the critical applied test load above which microhardness becomes load 
independent and do is the corresponding diagonal length of the indentation mark. The 
applicability of the PSR model to describe the observed ISE in relatively wide range 
of applied test loads can be examined by the linearity between P/d and d. The term a2 
is not related to the ISE. Rather, it relates to the load independent microhardness, 
which is equal to Pc/do2 [84]. It is quite clear that the plot of the P/d against d is a 
straight line, slope which gives the value of load independent hardness. Applying PSR 
model to pure, Mn++ and Cu++ doped CLTT crystals; it has been observed that the plot 
P/d versus d gave a straight line as shown in figure (11a-f) and figure (12a-e) 
respectively. This linear relation conforms that PSR model is applicable in these 
samples. The value of slope and intercept of linear reaction (7.12) are listed in table-
(7.7) and table (7.8) for pure, Mn++ and Cu++ doped CLTT crystals, respectively.  
 From table (7.7) and (7.8) one can observe that as the dopant concentration 
increases the value of standard hardness decreases for both Mn++ and Cu++ doping in 
CLTT crystals. 
It should be noted that in the case of a1> 0 the normal ISE is obtained where 
the Hv decreases with increase in load. Notwithstanding, for a1 < 0 a reverse ISE, is 
obtained where the Hv increases with increase in load. This leads to a reduction in the 
value of d upon unloading. This implies that the values of a are negative when the 
elastic surface stresses are tensile, which leads to a relation of these surface stresses 
introduced by indentation.  
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Figure (7.11 a-d): Plots of P/d (N/mm) versus d (mm) (a) for pure CLTT, (b) for 
0.0103% Mn++, (c) for 0.0176% Mn++ and (d) for 0.0301% Mn++ doped 
CLTT crystals. 
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Figure (7.11 e-f): Plots of P/d (N/mm) versus d (mm) (e) for 0.0696% Mn++ and (f) for 
0.0935% Mn++ doped CLTT crystals               
          
 
 
Table (7.7): Values of standard hardness and intercept from PSR model for 
Mn++ doped CLTT crystals  
Sample Standard hardness= 
Pc/d02   in MPa 
Intercept (a) 
 in N/mm  
Pure CLTT 350.175 2.965 
0.010%Mn++ 
333.320 2.822 
0.018%Mn++ 
304.794 2.649 
0.030%Mn++ 
305.670 2.359 
0.069%Mn++ 
301.232 2.248 
0.093%Mn++ 
288.264 2.309 
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Figure (7.12 a-d): Plots of P/d (N/mm) versus d (mm) (a) 0.024% Cu++, (b) 0.025% 
Cu++, (c) 0.047% Cu++ and (d) 0.098% Cu++ doped CLTT crystals.
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Figure (7.12e): Plots of P/d (N/mm) versus d (mm) for 0.111% Cu++ doped CLTT 
crystals. 
 
Table (7.8): The Values of standard hardness and intercept a from PSR model for 
 Cu++ doped CLTT crystals  
 
Sample Standard Hardness 
(P0/d2) MPa 
Intercept  
N/mm 
Pure CLTT 350.175 2.965 
0.024%Cu++ 282.280 2.594 
0.025%Cu++ 267.501 2.868 
0.047%Cu++ 270.343 2.688 
0.098%Cu++ 271.832 2.526 
0.111%Cu++ 263.358 2.676 
 
 
 
7.4 Crack Measurement and Fracture Toughness: 
Indentation hardness testing has been finding applications in the scientific 
investigations of damage processes in highly brittle solids [4]. A suitably chosen 
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sharp indenter tip concentrates very high levels of stresses, particularly in shear and 
hydrostatic compression, and thus induces irreversible deformation in localized 
regions of a test surface. In many brittle materials the mean contact pressure can be as 
much as a tenth of an elastic modulus [85] which indicates that the intrinsic bond 
strength of the lattice itself is exceeded. One of the important aspects of indentation 
damage is cracking. An understanding of indentation fracture is important for many 
practical as well as academic interests [86]. 
 Brittle materials are used in industries quite commonly. For example, in the 
aerospace industry, the components of brittle materials faces problems of strength 
degradation and material removal by crack growth under erosive conditions. The 
contact of erosive particles, including both solids and liquid drops, generates intense 
local stress concentrations, which give rise to characteristic indentation fracture 
patterns. Erosion studies of brittle materials are aimed towards understanding of the 
role of plastic deformation in production of these crack systems [87-89]. The cracks 
propagate into surrounding elastic hinterland. For crystalline solids, deformation 
processes may also be required for the propagation of non-cleavage (radial) cracks in 
ionic solids. 
Surface micro-flaws formed in an indentation with a sharp or blunt indenter 
have been studied in relation to evaluations of surface damage resistance, fracture 
toughness and wear resistance of brittle materials. Such micro-flaws are regarded as 
similar to typical fracture-strength-controlling flaws produced in manufacturing 
processes such as forming, grinding, cutting and handling. Therefore, it is important 
to study the mechanism of flow formation in indentations. 
In glasses a simple crack (Hertzian Crack) is usually produced by blunt 
indenter. In sharp indenters, such as Vickers or Knoop diamond pyramid, however, 
                                                                                                  Chapter VII…                              
                                                            
 
                                             Microhardness Studies of pure & doped CLTT crystals 
252
the crack formation mechanism is complicated because an irreversibly deformed 
zone, affecting the stress field for crack formation, appears beneath the indenter. The 
primary cracks produced by indentation with Vickers diamond pyramid for glasses 
are radial, medial and lateral types. The radial and median cracks are particularly 
important because they control the fracture strength of the indented specimen under 
bending or tensile loading conditions. The different types of cracks are shown in 
figure (7.13). 
The cracking mechanism about Knoop and Vickers indenters in Al2O3 and SiC      
has been reported by Hockey and Lawn [90]. With Vickers indented specimens, the 
cracks were always observed radially extended outwards from the corners of the 
indentations.         
 
 
Figure (7.13): Schematic diagram depicting the types of cracks 
Basically, two distinct stages of crack formations are proposed [89], which are 
cracks occurring during loading and cracks occurring during unloading. During 
unloading, just before removal of the indenter, the new cracks initiate at the 
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deformation zone and extend sideways into a shallow-saucer-shaped configuration, 
modified into some extent by the presence of median vents. 
In certain cases fringes are generated by the interference between slightly 
mismatched, simultaneously diffracting portions of crystal across the crack interfaces. 
These are considered as the thickness fringes [90] 
Hockey and Lawn [90] studied cracking around indentation by electron 
microscope in aluminum oxide and silicon carbide (SiC). In semi-quantitative 
information on geometry of residual cracks about micro-indentations, they obtained 
interesting information. The information obtained is related to the history of the crack 
propagation and not the initiation of the cracks. The electron microscopy is not 
capable to tell how the cracks originally nucleated and formed. It has been known 
from the etching examination [86] that median and lateral-vent initiation both tied up 
intimately with events within gross deformation zone immediately surrounding the 
indenter, unfortunately, this region of lost resolution does not give clear pattern. The 
authors have also discussed in detail the important aspect of crack healing.  
Lawn and Fuller [91] suggested that the toughness, Kc can be related to the 
indenter load P, and radius of median crack, C, by   
 Kc = χc P C3/2  --------------(7.13) 
where  χc is the number dependent upon the indenter geometry, for Vickers indenter it 
is assumed to be 0.0726. 
Evans and Charles [92] have employed the dimensional analysis and obtained 
correlation with conventional fracture toughness measurements. In this analysis the 
functional dependence on the E/H is introduced to account for elastic/plastic stress 
with indentation 
 Kc = χ(E/H)0.4 P/ C3/2  ---------------------(7.14) 
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where E is the Young’s modulus and H is the hardness. 
However, there are several reports on cracking around indentations in several 
materials. PETN and RDX are important plastic explosive materials. The fracture 
mechanism of indentation cracks was studied by Hagan and Choudhari [93] by using 
the formulation suggested by Lawn and Fuller [91] as follows: 
 χp/C3/2 = ((2γ E(/(1-ν2))1/2---------------- (7.15) 
where P is the load of indenter, C is the length of crack, E is the Young’s modulus, ν 
is the Poisson’s ratio and χ is the coefficient of function between the indenter and 
indented material, which is generally obtained by rubbing against standard hard 
surface. 
The fracture toughness of ferrites has been studied by Johnson et al. [94]. 
They used Vickers indenter and applied the formula proposed by Evans and Charles 
[92]. Moreover, they hypothesized that the large cations, Ca+2 and Fe+2 on the grain 
boundaries cause locally-distorted structure which is an easy fracture path. Ferrites 
exhibit high strength and fracture toughness but also experience grain boundary 
fracture in contrast to trans-granular fracture in weaker counterparts. Altogether, 
fracture toughness of doped bismuth oxide electrolytes have been reported by 
Sammes [95].  
Burnett and Page [96] have studied crack propagation and patterns around 
Vickers indentation mark on sapphire and glass with and without ion implantations. 
They also determined the fracture toughness Kc by using the relation proposed by 
Lawn and Co-workers [97-98] as follows: 
 Kc = 0.0139 (E/H)1/2 PC3/2  ---------------(7.16) 
where H is the hardness E is the modulus of the elasticity P is the load and C is the 
crack length. 
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A statistical model for ideal crack initiation using Vickers indentations has 
been suggested by Dal Maschio et al. [99]. Using such model it is possible to 
calculate the threshold load, defined, as the load at which there is a 50% fracture 
probability, from experimental evaluations. 
 Different types of cracks have been observed around indentation patterns on 
pure and doped CLTT crystals, which are already discussed earlier in this chapter. As 
the indentation load was increased to 5g, cracks were initiated in the indented material 
around the indentation impression and these cracks propagated on subsequent loading. 
The toughness of a material denotes its resistance to fracture. For a solid containing a 
well-developed crack of specified dimension, the fracture toughness, Kc determines 
the fracture stresses in uniform tensile loading. The fracture mechanics of the 
indentation process has provided an equilibrium relation for well-developed crack 
extending under a center-loading condition. 
 P/l3/2 =β0 Kc         for l > d/2--------------(7.17) 
Where P is the applied load, l the crack length measured from the center of the 
indentation mark to the crack end, d the diagonal length of the indentation impression 
and β0 the indenter constant, equal to 7 for the Vickers indenter [100-102].  
  The cracks observed on the crystal surface are shown in figure (7.4a-d). The 
cracks for different load were measured and the toughness of the pure, Mn++ and Cu++ 
doped CLTT crystals were calculated with the help of equation (7.8). Figure (7.14) 
and figure (7.15) are plots of the fracture toughness versus applied load (in g) for pure 
and Mn++ and Cu++ doped CLTT crystals. From figure (7.14) it has been observed that 
for Mn++ doped CLTT samples the fracture toughness first increases with load and 
becomes almost constant after achieving the maximum value and for some doping, on 
the other hand, it increases and becomes constant with increasing the load. Whereas, 
                                                                                                  Chapter VII…                              
                                                            
 
                                             Microhardness Studies of pure & doped CLTT crystals 
256
from figure (7.15) one can observe that for Cu++ doped CLTT in certain samples the 
fracture toughness first increases then decreases and finally becomes almost constant 
with increasing the load and in certain doping it increases and becomes constant with 
increasing load alike in Mn++ doping. The fracture toughness for higher loads 
becomes almost constant for both Mn++ and Cu++ CLTT. 
 
 
 
 
 
 
0.000
0.060
0.120
0.180
0.240
0.300
0.360
0 10 20 30 40 50 60
Load  ( g)
K
c 
(M
pa
 m
1/
2 )
Pure CLTT
0.010%Mn++ 
0.018%Mn++
0.030%Mn++
0.069%Mn++
0.093%Mn++
 
Figure (7.14): Plots of the fracture toughness versus applied load (g) 
 
 
                                                                                                  Chapter VII…                              
                                                            
 
                                             Microhardness Studies of pure & doped CLTT crystals 
257
 
 
Figure (7.15): Fracture toughness v/s applied load (g) 
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Figure (7.16): (a) Average of fracture toughness versus amount Mn++ (%), (b) 
Average of fracture toughness versus amount Cu++ (%)   
 
Figure (7.16a-b) shows the average values of fracture toughness versus the 
concentration of dopant in CLTT crystals. From the figure (7.16a-b) it is found that 
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the nature is different for Mn++ and Cu++ doping. For Mn++ doping, the variation is 
larger than in the case of Cu++ doped.  The ionic radii of Ca++, Mn++ and Cu++ are 
0.72Å, 0.80 Å and 0.99 Å, respectively. The larger ionic radii of Cu++ may be 
responsible for keeping the fracture toughness almost constant, may be by absorbing 
the mechanical variations more efficiently. 
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7.5 Conclusions: 
(1) Due to the doping  the microhardness decreases. As the concentration of Mn++ 
and Cu++ increases the value of microhardness decreases. It is evident from the 
results that the CLTT crystals become softer, after doping  of  Mn++ and 
Cu++.Microhardness is load dependent quantity and the variation is quite 
prominent in the low load ranges. Micro-hardness decreases with increasing 
load in this low load range and after sufficiently high-applied loads it becomes 
virtually independent of load. Indentation Size Effect (ISE) has been observed 
for pure and doped CLTT crystals. 
(2) In order to analyze the ISE in the microhardness testing, one needs to fit the 
experimental data according to Kick's law. The nature of the variation in 
micro-hardness with the applied load can also be studied by obtaining the 
value of n, which is the work-hardening coefficient. From the straight line 
plots of logP versus logd the work -hardening coefficients were calculated.The 
values of work-hardening coefficients and the standard hardness are 
comparatively less in Mn++ doped CLTT crystals than in the Cu++ doped 
CLTT crystals. 
(3) Applying the Hays and Kendall law the load independent hardness (Hv) 
decreases as the concentration of Mn++ as well as Cu++ increases in the CLTT 
crystals and the values of the minimum load W decreases for Mn++ and Cu++ 
doped CLTT crystals. 
(4) The PSR model is more suitable for the data characterization of pure and Mn++ 
and Cu++ doped CLTT crystals. The values of standard hardness or  intercept a 
for Mn++ and Cu++ doped CLTT crystals are smaller than pure CLTT crystals. 
The positive values of a indicates normal ISE. 
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(5) The cracks were observed on the crystal surface extending from the 
indentation mark. The length of the cracks has been measured and the fracture 
toughness of the pure, Mn++ and Cu++ doped CLTT crystals are calculated. It 
has been observed from the results that the doping of Mn++ and Cu++ in CLTT 
crystals reduces the values of fracture toughness. The fracture toughness 
increases with the concentration of Mn++ doping, whereas it increases 
marginally for Cu++ doping in CLTT crystals. 
(6) These mechanical properties are important for the device designing and 
mechanical strength of the material. Doping of Mn++ and Cu++ in CLTT 
crystals reduces the micro-hardness and makes the samples soft and also 
reduces the fracture toughness.  
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Chapter-VIII 
 
General Conclusion 
8.1 General Discussion:  
 In this modern world there is a great demand for good quality single crystals in 
every branch of science and technology because many sophisticated instruments use 
different types of crystals, either as sensors or detectors. The crystal growth methods 
differ with the nature and properties of the materials. Among the various crystal 
growth methods, the gel growth technique draws considerable interest because of its 
simplicity. This method is based on controlled diffusion in the gel. 
 The gels and their structures have fascinated many researchers [1]. The 
function of gels in our body is so important and fascinating that the author Gerald 
Pollack [2] has named his book with the title as “Cells, Gels and the Engines of Life: 
A New, Unifying Approach to Cell Function”. The author considered that the 
membrane is not the key to cell integrating because the water inside the cell is not 
normal water but it is organized by proteins to form a gel. The gel state maintains 
cellular integrity and offers conversing as well as simple explanations for a wide array 
of cell functions. Also, the Fibrin gel structure is important [3, 4]. One of the most 
important predators for myocardial infarction (the death of tissues in the middle layer 
of heart wall due to lack of blood supply) is an increased level of fibrinogen. It has 
been found that the plasma samples from patients with cardiovascular (pertaining of 
heart and blood vessels) diseases have a much tighter fibrinogen structure than those 
from patients treated with aspirin because it increases the porosity of gel, makes the 
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gel more susceptible to fibrinolysis. The gels are not only found to be important in 
growing crystals but also in the human body. 
 The importance of gel growth and its suitability to grow certain types of single 
crystals, which are difficult to grow by other techniques, have been presented in this 
thesis in chapter-II. Various gel growth methods and a brief literature survey of 
crystals grown by gel method is also included.  
       Tartrate single crystals show many interesting properties such as ferroelectric, 
dielectric, optical, and other properties [5]. Some of the other tartrte crystals find 
applications for nonlinear optical devices based on their optical second harmonic 
generator (SHG), optical transmission characteristics, fabrication of crystal oscillators 
and resonators and controlled laser emissions [6-11]. Ferroelectric application of 
sodium –potassium tartrate [12] and calcium tartrate [13] 
Calcium tartrate crystals have been identified by ferroelectric properties for 
first time by Gon [13]. Apart from this, other properties of calcium tatrtrate crystals 
have been identified for various applications. The doping of appropriate material in 
proper amounts has created marvels in the semiconductor industry. This has attracted 
the present author to dope metallic ions in to the CLTT crystals. Two different 
metallic dopants-copper and manganese –are selected. 
             The general conclusions can be broadly drawn as follows: 
(1) Pure and Mn++ and Cu++ doped CLTT crystals were grown by single diffusion 
gel growth technique. Different molar concentration of MnCl2 and CuCl2 
solutions were poured along with 1M CuCl2 solution in supernatant solution to 
achieve different concentration of Mn++ and Cu++ doping in CLTT, respectively. 
As the concentration of MnCl2 increased in the supernatant solutions, the 
crystals become darker in yellow tinge in colour. As the concentration of CuCl2 
                                                                                                                  Chapter…. 
 
 
 
                                                                                   General Discussion and Suggestion for future Work 
269
increased in the supernatant solutions, the crystals exhibited more darker bluish 
nature. 
(2) Mn++ and Cu++ doping into gel grown CLTT crystals was successfully carried 
out and the amount of doping was estimated by ICP in the crystals. The powder 
XRD analysis suggested that the doping produced some small change in the cell 
parameters of CLTT crystals.  
(3)  The FT-IR spectra of Mn++ and Cu ++ of CLTT are nearly the same and no 
marked effect of doping is observed. However,   the presence of C=O, C-O and 
O-H bonds were confirmed from FT-IR study. However, the doping produces no 
marked changes in the FT-IR spectra.  
(4)  Various EPR parameters are obtained and it is observed that as the content of 
Mn++ and Cu++ increases in the crystals no systematic variation in the 
parameters was observed. From the two types of spreads in the EPR spectra it is 
conjectured that two types of different environments of Mn++ are expected in the 
crystals. Mn++ is expected to occupy the interstitial positions in calcium tartrate. 
But the EPR spectra indicated clearly the doping of Mn++  and Cu++. 
(5) The dielectric study of Mn++ and Cu++ doped crystals confirmed the earlier 
reported ferroelectric type behavior of pure calcium tartrate crystals. However, 
the possible interstitial type Mn++ and Cu ++ doping increased the space charge 
polarizability and the values of dielectric constant without altering the basic 
nature. The characteristic peak in the plots of dielectric constant κ vs. 
temperature, for ferroelectric material, indicating the phase transition, is 
observed in pure and doped calcium tartrate crystals. However, due to doping 
the nature of the above plots remain the same but only the value of dielectric 
constant κ increases for particular frequency. Doping of Mn++  and Cu++ in 
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CLTT does not affect the ferroelectric nature but due to doping the transition 
temperature  decreases with comparison to pure CLTT. The Curie-Weiss law is 
followed beyond the transition temperature. 
(6) The etchant comprising of 90cc distilled water and 10cc HCl produce well 
defined triangular etch pits on {110} plane of CLTT crystals. The flat bottom 
etch pits were conjectured to be due to impurities in the crystals. Etching was 
carried out at elevated temperatures and the Arrhenius law was applied to 
evaluate the kinetic parameters. In order to study the effect of doping of Mn++ 
Cu++ on defect characteristics, the etch pitting, kinetics of etch pitting and 
thermodynamic parameters were evaluated. The values of activation energy and 
frequency factor for 0.01%Mn++, 0.069% Mn++ doped CLTT crystals are less 
than those of pure CLTT crystals, while the values of the same for 0.018 
%Mn++, 0.03% Mn++ and 0.093% Mn++ doped CLTT crystals are higher than 
pure CLTT crystals.  The values of activation energy and frequency factor for 
0.024% Cu++, 0.047% Cu++ and 0.098% Cu++ doped CLTT crystals are less 
than those of pure CLTT crystals, whereas the values of activation energy and 
frequency factor for 0.0025% Cu++, and 0.111% Cu++ doped CLTT crystals are 
higher than pure CLTT crystals. The amount of doping, its nature and position 
in crystalline lattice is affecting the kinetic parameters. Various thermodynamic 
parameters, namely, Standard Entropy ∆#S° in JkMol-1, Standard Enthalpy     
∆#H° in kJ Mol -1, Standard Gibbs free energy ∆#G° in kJ Mol -1, Standard 
change in internal energy ∆# U° in kJ Mol -1 are calculated. For increasing the 
concentration of Mn++ and Cu++ doping, no systematic variation in the values of 
activation energy, standard entropy, standard Gibbs free energy and standard 
change in internal energy was found. For certain concentration of doping, the 
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activation energy, the standard enthalpy and the standard change in internal 
energy were found to be more than that of the pure CLTT crystals. However, 
the value of the standard Gibbs free energy remained nearly constant. The 
influence of doping, the composition in the values of T ∆#S° and ∆#H° may be 
responsible for the nearly constant values of ∆#G°.  
(7) The effect of doping Mn ++ and Cu ++ on micro-hardness CLTT crystals is 
studied. The increase in doping concentration reduces the values of micro-
hardness. According to Kicks law work hardening coefficient n has been 
calculated and it is found that its values decrease due to doping and the 
standard hardness a also decreases due to doping of  Cu++ and Mn++ in CLTT  
crystals. Hays and Kendall law was also applied. The PSR model is more 
suitable for the data characterization of pure and Mn++ and Cu++ doped CLTT 
crystals. The cracks were observed on the crystal surface around indentations. 
The length of the cracks has been measured and the fracture toughness of the 
pure, Mn++ and Cu++ doped CLTT crystals are calculated. Due to doping of 
Mn++ and Cu++ in CLTT crystals, the values of fracture toughness decease. 
Also, the doping of metallic impurity facilitates the slip mechanism and makes 
the sample softer. 
(8)  The attempts are made by the present author to study the effect of Mn++ and 
Cu++ doping on the dielectric and hardness properties of CLTT crystals. The 
doping has been detected by the EPR spectroscopy and the ICP. The effect of 
doping on the structural properties and dislocation etching has been 
investigated by the powder XRD and chemical etching. 
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8.2  Scope for Future Work:  
The scope of the further research work is broadly summarized as follows and 
the present author wishes to pursue in future:  
(1) Doped more metals: 
Instead of using Mn++ and Cu++ doping a few more metallic ions can be 
selected. If Na+ or K + ions are used for doping some fascinating results are 
expected due to charge imbalance. 
(2) Increase concentration:  
 The concentration of the present dopant can be increased further to see 
the effect on the property of the crystals in terms of mixed crystal properties. 
(3) Luminescence study: 
Mn++ exhibit luminescence properties and further study on this 
property can be carried out. 
(4)       Transmission spectroscopy 
 The effect of the doping can be assessed in terms of Uv-Vis 
spectroscopy study. 
(5)  X-ray topography: 
  In ferroelectric crystals there are many domains. The techniques used 
to study the ferroelectric domain structure is the X- ray topography, polarizing 
microscopy, after chemical etching SEM and TEM [1]. This can be further 
studied on the present crystals in future. 
(6) Hysteresis loop: 
  The hysteresis loop determination is important study for the further 
confirmation of the ferroelectric nature. This study can be carried out future.  
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PACS 81.10. Dn, 78.30.-j, 77.80. Bh 
Single crystals of Mn
2+
 doped calcium levo- tartrate tetrahydrate (CLTT) were grown by single diffusion gel 
growth technique in silica hydro-gel media. The doping of Mn
2+
 was varied by mixing 0.001M, 0.005M, 
0.01M, 0.05M, and 0.1M solutions of MnCl
2
with 1M CaCl
2
solution in equal volumes in the supernatant 
solutions. The actual amount of Mn
2+
doping in CLTT crystals was estimated by ICP (Inductively Coupled 
Plasma) technique. The powder XRD of the samples suggested no significant change in the unit cell 
dimensions and the presence of any extra phase. The FT-IR spectra indicated the presence of water molecule, 
O-H bond, C-O bond and carbonyl C=O bond. The EPR spectra confirmed the presence of Mn
2+
 ions in the 
crystals. The variation of the dielectric constant with temperature confirmed the earlier results of pure calcium 
tartrate crystals and indicated the ferroelectric nature of the doped crystals. As the amount of doping of Mn
2+
 
increased the value of dielectric constant increased. The results are discussed. 
© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
1 Introduction 
Calcium tartrate crystals in pure and doped forms have attracted the attention of a large number of researchers. 
The ferroelectric nature of calcium tartrate was first identified by Gon [1]. Where as, Suryanarayana et al [2] 
have studied linear optical and nonlinear optical both properties as well as structural characteristics of 
strontium doped calcium tartrate crystals. Structural characterization of doped calcium tartrate tetrahydrate 
(CTT) crystals was extensively carried out by Torres et al. [3]. The exploration of doped CTT crystals 
continued and recently Sahaya Shajan and Mahadevan [4] reported FT-IR and thermal studies of impurity 
added CTT crystals. 
Since CTT crystals are well known for ferroelectric property, the present authors aimed to dope Mn
2+
in
different amounts into CTT crystals and investigate their dielectric properties in terms of effect of doping. The 
EPR spectroscopy and ICP (Inductively Coupled Plasma) technique were used to confirm the doping and its 
actual amount in the grown crystals. The powders XRD and FT-IR spectral analysis were employed to confirm 
the single-phase nature of the crystals and the presence of different bonds, respectively. 
2 Experimental 
Single diffusion gel growth technique was used to grow the crystals in the test tubes having 25mm diameter 
and 140mm length. Sodium metasilicate solution of relative density 1.06 was mixed with 1M levo-tartaric acid 
in such a way that the pH of the mixture was set at 3.8. After setting the gel, 1M aqueous solution of CaCl
2
 was
gently poured on the top and allowed to diffuse in the gel. After a few days CLTT crystals grew in the gel. To 
grow the Mn
2+
 doped crystals, MnCl
2
solutions with different molar concentrations were mixed with 1M, CaCl
2
solutions in equal volumes. The concentrations of MnCl
2
 solutions were selected as 0.001M, 0.005M, 0.01M, 
____________________
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0.05M and 0.1M. The crystals of pure CLTT were colorless and transparent, where as Mn
2+
 doped crystals 
were colored ones. As the dopant concentration increased the crystals became more pinkish in color. 
The samples were analyzed by powder XRD using PHILIPS X’ Pert MPD system. The samples were 
analyzed by a computer software powder X and the crystal structures were determined for pure and doped 
samples. The EPR study was carried out on single crystals of the type of morphology shown in schematic 
diagram of figure 1. The average dimension of the grown crystal is 4mm x 2mm x 1mm. The field was applied 
perpendicular and parallel to {110} face of the crystals. The EPR spectra were recorded in X- band (8.5 to 
9.5GHz) at room temperature using Varian-E -112. The crystals were rotated and spectra were taken 
perpendicular and parallel to the {110} face with the help of suitable gonio-meter. TCNE ( Tetra cyno 
Ethylene) was used as a marker. The FT-IR spectra were recorded on Shimadzu, FT-IR, 8400 in the 400 cm
-1
to 4000 cm
-1
 range using powdered samples in the KBr medium. 
Fig. 1 Morphology of CLTT Single crystal. 
The ICP analysis for doped crystals was carried out by dissolving crystals in suitable solvent and then actual 
concentration of manganese in different doped crystals was confirmed by using Labtam 8440. 
The dielectric measurements were taken on Hewlett- Peckard impedance analyzer 4192A in the 
temperature range from 40°C to 150°C and frequency range from 500Hz to 1MHz. The dielectric constant was 
calculated from the value of the measured capacitance by using standard technique. Palletized samples of the 
known dimensions were used.
3 Results and discussion 
Considerable amount of discussion has been made by Henisch [5] on the growth of CTT crystals. CLTT, 
CaC
4
H
4
O
6
 4H
2
O, is orthorhombic with a tetra molecular unit cell of dimensions a=9.24Å, b=10.63Å and 
c=9.63Å with space group P2
1
2
1
2
1
 [6]. Recently, a detailed structural characterization by single crystal XRD of 
Ba
2+
, Sr
2+
, Co
2+
, Ni
2+
, Mn
2+
, Zn
2+
 and Cd
2+
 doped CTT has revealed interesting information. In case of alkaline 
earth atom doping, it substitutes Ca. The important structural differences have been identified as the 
lengthening of the shortest Ca-O bond and the breaking some of the hydrogen bonds. On the other hand, the 
doping atom has been found occupying an interstitial site when the transition metal atoms are used. The three 
types of structural differences have been observed, which are the shortening of the shortest Ca-O bond by 
keeping the longest Ca-O bond constant, difference in torsion angles in tartrate ion and hydrogen bond 
explained by the doping atom localization [3]. 
In the present investigation, the amount of Mn
2+
doping in CLTT crystals has been determined by using ICP 
(Inductively Coupled Plasma) (AES) system. Table 1 summarizes the data. The powder XRD patterns of figure 
2 reveal single-phase nature of the crystals. The cell parameters have been evaluated and are given in table 2, 
which indicates that on increasing the dopant concentration the cell parameters exhibit unsystematic minor 
variation. The EPR spectra of Mn
2+
 doped CLTT single crystals exhibit hyperfine splitting in form of five 
regions of each block containing six lines. The EPR spectra  of 0.0176 % of Mn
2+
 doped CLTT single crystals 
were recorded perpendicular and parallel to {110} face, which are shown in figures 3 and 4 , respectively. 
Table 1 ICP data showing the amount of Mn
2+
 in samples. 
Name of the sample Actual amount of manganese in the grown crystals [%] 
0.001M Mn
2+
 doped CLTT 0.0103 
0.005M Mn
2+
 doped CLTT 0.0176 
0.01M Mn
2+
 doped CLTT 0.0301 
0.05M Mn
2+
 doped CLTT 0.0696 
0.1M Mn
2+
 doped CLTT 0.0935 
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Fig. 2 Powder XRD pattern for pure and doped 
CLTT crystals. 
 
Table 2 Unit cell parameter data. 
Cell parameters Samples 
a Å b Å cÅ 
Pure CLTT 9.2134 10.5841 9.6253 
0.001M Mn
2+
 doped CLTT 9.2053 10.6018 9.6117 
0.005M Mn
2+
 doped CLTT 9.2130 10.5955 9.6249 
0.01M Mn
2+
 doped CLTT 9.2100 10.5763 9.6150 
0.05M Mn
2+
 doped CLTT 9.2234 10.5873 9.6121 
0.1M Mn
2+
 doped CLTT 9.2168 10.5677 9.6147 
The EPR parameters are calculated from the spectra and listed in Table (3), which includes the g-factors- 
parallel g
||
and perpendicular g
⊥
, the hyperfine splitting- parallel A
||
and perpendicular A
⊥
 and the zero field
splitting- parallel D
||
and perpendicular D
⊥
. These suggest that no marked deference in the values of these 
parameters is found due to the level of Mn
+2
 doping. 
Fig. 3 EPR spectra of 0.0176% Mn
2+
doped CLTT 
perpendicular to {110} face. 
Fig. 4 EPR spectra of 0.0176% Mn
2+
doped CLTT 
parallel to {110}. 
Mn
2+
 is a d
5
 ion having a total electron spin S = 5/2 in its ground state as required by the Hund’s rule of 
maximum multiplicity. The ground term of this ion is 
6
S
5/2.
This term splits up, due to zero field, into three 
Cryst. Res. Technol. 41, No. 7 (2006) 667
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Kramer’s doublets e.g., ±5/2, ±3/2, ±1/2.This degeneracy is lifted as used in EPR experiment giving six energy 
levels with spin –5/2, -3/2, -1/2, +1/2, +3/2, +5/2 in increasing order. Each of these energy levels is further split 
into six equally spaced levels. By the interaction of these spins with the nuclear spin, which for Mn
+2
 is I=5/2,
therefore, the number of levels (2I+1) gives six lines. Hence the energy level diagram with total thirty levels is 
obtained in the presence of an applied magnetic field and for microwave absorption signals to be observed, two 
selection rules are obeyed Viz., ∆S= +1, and ∆M
I
 = 0. This results in to five regions of spectral absorption, 
each block containing six lines [7].
Table 3 EPR parameters. 
Sample A
⊥
 A|| g⊥ g|| D⊥ D|| 
0.0103 % Mn
2+
 doped CLTT 96 97.5 2.0293557 1.97331 201.25 301.25 
0.0176 % Mn
2+
 doped CLTT 96.25 94.99 2.044639 1.9779 300.62 207.5 
0.0301 % Mn
2+
 doped CLTT 98.12 91 2.085278 1.96759 294 190.62 
0.0696 % Mn
2+
 doped CLTT 92.5 95.66 2.03057 1.98195 295 203.12 
0.0935 % Mn
2+
 doped CLTT 95.33 92 2.057307 1.9977 285.25 151.875 
From the spectra of figures 3 and 4, it is conjectured that each spectrum of these figures exhibits two in-
equivalent Mn
2+
centers of unequal intensity with large intensity of spectrum and low intensity spectrum. 
Different environment of Mn
2+
 is expected to be present in the crystals. This corresponds to the results of Jain 
and Venkateswaralu [8]. The EPR spectra of phase one is well spread out while that of the other is found to be 
located in close signals with a small spread in the middle of the spectra. 
Earlier, Wakim et al. [9] have studied EPR of Mn
2+
 in CTT crystals with respect to rotation about the 
orthorhombic axis. As the tartrate radicals occur with various screw symmetry characteristics, the complexity 
of the observed spectra was related to a mixture of screw symmetry occurring in the natural tartaric acid used 
in the preparation. Lau and Lin [10] conjectured on the basis of coordination dodecahedron of calcium in 
calcium tatrate that Mn
2+
 enters in to an interstitial site with O3C, O4C, O10C, O7C, O6, and O1C as the six 
coordinated oxygen atoms. The first two of these are oxygen atoms of the hydroxyl groups. The protons of 
these two hydroxyl groups could be the ones which are set free in the process of doping. It is found that the 
Mn
2+
 positions at the interstitial sites.
FT-IR spectra of pure calcium tartrate, 0.0103 %, and 0.0935 %, Mn
2+
 doped crystals are shown in figure 5. 
Joshi and Joshi [11] as well as Sahaya Shajan and Mahadevan [12] have reported FT-IR spectrum of pure 
calcium tatrate crystals. Recently, FT-IR spectroscopic study has been reported in strontium added calcium 
tatrate crystals [4]. The absorptions occurring between 3100 cm
-1
 to 3300 cm
-1
 are due to the asymmetric and 
symmetric stretching of O-H bond, which is generally indicating the presence of water of crystallization. The 
absorption around 1580 cm
-1
 is due to carbonyl C=O group. The C-O stretching vibrations give rise to 
absorptions within 1480 cm
-1
 to 1236 cm
-1
. The absorptions within 1147 cm
-1
 to 1010 cm
-1
 are due to out of 
plane O-H deformation and C-O stretching. The absorptions situated below 921 cm
-1
 are due to calcium –
oxygen stretching vibrations. The effect of doping on CLTT crystals cannot be marked clearly from FT-IR 
spectra. However, the presence of O-H bond, C-O bond, C=O, water of hydration and calcium -oxygen bond 
are established from the spectra. 
Gon [1] has reported ferroelectric behavior of calcium tatrate crystals. Recently, the dielectric study has 
been carried out on zinc tartrate crystals [13], which indicated a possible ferroelectric nature like calcium 
tartrate crystals. The aim of present investigation is to study the effect of doping of Mn
2+
 on the dielectric and 
ferroelectric property of calcium tartrate crystals. The dielectric measurements are taken for pure and Mn
2+
doped calcium tartrate crystals, however, the hysteresis loop tracing is not possible due to the experimental 
limitations.
The variation of dielectric constant with temperature was studied for Mn
2+
doped crystals at different 
frequency from 500Hz to 1MHz. Figure 6a-c are plots of dielectric constant versus temperature for particular 
frequency. These plots are exhibiting the effect of doping on dielectric constant. It can be observed that as the 
temperature increases the dielectric constant slowly increases and then a peak value is observed at particular 
temperature and thereafter it decreases with increase in temperature for a particular frequency. The 
characteristic peak for ferroelectric material, indicating the phase transition, is observed in pure calcium tartrate 
crystals [1]. However, due to doping the nature of the plots remain the same but only the value of dielectric 
constant κ increases for particular frequency. 
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Fig. 5 FT-IR spectra of Pure, 
0.0103% Mn
2+
and 0.0935% 
Mn
2+
doped CLTT crystal. 
Fig. 6 Plots of dielectric constant (κ) versus 
temperature for pure and doped CLTT. 
Fig. 7 Plots of the peak values of 
dielectric constant (κ) versus frequency 
for pure and doped samples at their T
c
. 
The variation in the peak values of dielectric constants with frequency at transition temperature T
c
 is shown in 
figure 7 for 0.0696 % Mn
2+
doped CLTT crystals, which indicates that the peak value decreases as the 
frequency increases. The similar nature has been observed for other concentration of doping. For pure CLTT, 
T
c
 is observed at 110°C, where as for 0.0103 % Mn
2+
, 0.0176 % Mn
2+
, 0.0301 % Mn
2+
, and 0.0935 % Mn
2+
doped crystals it is observed at 100°C, 106°C, 102°C and 106°C, respectively. It is observed that due to doping 
T
c
 changes slightly. Above the Curie temperature the substance is in the para-electric state and found to obey 
the Curie- Weiss law as; κ = C / T- T
c,
where C is the constant and T
c
 is the Curie temperature. Alternatively, 
Cryst. Res. Technol. 41, No. 7 (2006) 669
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the Curie- Weiss law can be represented, by using the susceptibility χ = (κ –1)/ 4π, as follows 1/(κ –1) = T- T
c
/
C [14]. Plots of figure 8 are the Curie- Weiss plots, which are drawn for 1/(κ –1) versus T-T
c ,
for 0.0176 % 
Mn
2+
doped CLTT sample, for different frequencies. Similarly, the Curie–Weiss law follows for other samples. 
Fig. 8 The Curie- Weiss plot of (1/ κ-1 versus (T-Tc) 
for for different frequency for 0.0176% doped CLTT. 
Fig. 9 Dielectric constant (κ) versus 
frequency at 110°C. 
The variations of κ with frequency at 110
o
 C for pure CLTT as well as 0.0103 % Mn
2+
, 0.0176 % Mn
2+
,
0.0301% Mn
2+
 and 0.0935 % Mn
2+
 doped samples are shown by plots of figure 9, which indicates that the 
value of κ decreases as the frequency increases. The higher values of the dielectric constant are due to higher 
space charge polarizability at lower frequency region. This may be explained on the basis of the mechanism of 
polarization similar to the conduction process. The electronic exchange of the number of ions in the crystal 
gives local displacement of applied field, which gives the polarization. As the frequency increases, a point is 
reached where the space charge cannot sustain and comply the external field. Therefore the polarization 
decreases and exhibiting the reduction in the values of dielectric constant as the frequency increases [15]. Also, 
as the Mn
2+
doping level increases the value of κ increases, which suggests that the interstitial nature of the 
doping increases the space charge polarizability without altering the basic ferroelctric nature of the crystals. 
4 Conclusions 
Mn
2+
 doping into gel grown CLTT crystals was successfully carried out and the amount of doping was 
estimated by ICP in the crystals and the single-phase nature was confirmed by the powder XRD. The presence 
of C=O, C-O and O-H bonds were confirmed from FT-IR study. However, the doping produces no marked 
changes in the FT-IR spectra. The EPR spectroscopy confirmed the presence of Mn
2+
 doping in the crystals. 
From the two types of spreads in the EPR spectra it was conjectured that two types of different environments 
of Mn
2+
are expected in the crystals. No systematic variation in the values of EPR parameters was found with 
variation in the doping concentration. Mn
2+
 was expected to occupy the interstitial positions in calcium tartrate. 
The dielectric study of Mn
2+
 doped crystals confirmed the earlier reported ferroelectric type behavior of pure 
calcium tartrate crystals. However, the possible interstitial type Mn
2+
 doping increased the space charge 
polarizability and the values of dielectric constant without altering the basic nature. 
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